Award  Number:  DAMD17-99-1-9078 


TITLE:  Studies  of  Vascular  Endothelial  Growth  Factor  (VEGF) 

Signaling  in  Breast  Cancer  Cells 


PRINCIPAL  INVESTIGATOR:  Hava  Avraham,  Ph.D. 

CONTRACTING  ORGANIZATION:  Beth  Israel  Deaconess  Medical  Center 

Boston,  Massachusetts  02215 


REPORT  DATE:  July  2002 

TYPE  OF  REPORT:  Final 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  Public  Release; 

Distribution  Unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are 
those  of  the  author (s)  and  should  not  be  construed  as  an  official 
Department  of  the  Army  position,  policy  or  decision  unless  so 
designated  by  other  documentation. 


20030411  052 


I  REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OMB  No.  074-0188 

Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining 
the  data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for 
p  reducing  this  burden  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302,  and  to  the  Office  of 
Management  and  Budqet,  Paperwork  Reduction  Project  (0704-0188),  Washington,  DC  20503 

1.  AGENCY  USE  ONLY  (Leave  blank) 

2.  REPORT  DATE 

July  2002 

3.  REPORT  TYPE  AND 

Final  (1  Jul  9 

DATES  COVERED 

9-30  Jun  02) 

4.  TITLE  AND  SUBTITLE 

Studies  of  Vascular  Endothelial  Growth  Factor 
(VEGF)  Signaling  in  Breast  Cancer  Cells 


6.  AUTHOR(S) 

Hava  Avraham ,  Ph . D . 


5.  FUNDING  NUMBERS 

DAMD17- 99- 1-9078 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Beth  Israel  Deaconess  Medical  Center 
Boston,  Massachusetts  02215 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


E-Mail:  havraham@caregroup.harvard.edu 

9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 


10.  SPONSORING  /  MONITORING 
AGENCY  REPORT  NUMBER 


U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


11.  SUPPLEMENTARY  NOTES 


Original  contains  color  plates.  All  DTIC  reproductions 
will  be  in  black  and  white. 


12a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

12b.  DISTRIBUTION  CODE 

Approved  for  Public  Release;  Distribution  Unlimited 

1 3.  Abstract  ( Maximum  200  Words)  ( abstract  should  contain  no  proprietary  or  confidential  information) 

Our  proposal  aims  to  investigate  the  function  of  VEGF  in  breast  cancer  cell  growth  and 
signaling.  Our  data  suggest  that  breast  cancer  cells  secrete  various  levels  of  VEGF  and 
express  in  addition  to  the  Flt-1  and  Flk-l/KDR  receptors,  a  novel  VEGF  receptor  type  which 
needs  to  be  identified  and  characterized.  These  data  lead  us  to  hypothesize  that  VEGF, 
secreted  by  breast  cancer  cells,  is  a  multi-functional  protein  which  acts  in  an  autocrine 
fashion  and  can  simultaneously  activate  specific  VEGF  receptor  signaling  pathways  in 
breast  cancer  cells,  thereby  regulating  breast  cancer  cell  growth,  tumor  angiogenesis  and 
subsequently  tumor  growth.  In  order  to  test  this  hypothesis,  we  propose  to  focus  on  two 
basic  aims:  (a)  To  identify  and  characterize  the  VEGF  receptors  expressed  in  breast  cancer 
cell,  and  to  analyze  their  expression  on  primary  breast  tissues.  We  will  elucidate  the 
signaling  events  upon  VEGF  stimulation  in  breast  cancer  cells  and  identify  which  activated 
signaling  molecules  are  essential  for  the  VEGF-mediated  effects  on  breast  cancer  cell 
growth;  and  (b)  To  study  the  effects  of  VEGF  and  VEGF  receptor  expression  on  the 
regulation  of  tumor  angiogenesis  and  signal  transduction  pathways  in  breast  cancer  cells. 


14.  SUBJECT  TERMS 

breast  cancer,  VEGF 

15.  NUMBER  OF  PAGES 

115 

16.  PRICE  CODE 

17.  SECURITY  CLASSIFICATION 

18.  SECURITY  CLASSIFICATION 

19.  SECURITY  CLASSIFICATION 

20.  LIMITATION  OF  ABSTRACT 

OF  REPORT 

OF  THIS  PAGE 

OF  ABSTRACT 

Unclassified 

Unclassified 

Unclassified 

Unlimited 

NSN  7540-01-280-5500 


Standard  Form  298  (Rev.  2-89) 

Prescribed  by  ANSI  Std.  Z39-18 
298-102 


FOREWORD 


Opinions,  interpretation,  conclusions  and  recommendations  are  those 
of  the  author  and  are  not  necessarily  endorsed  by  the  U.  S.  Army. 


_  Where  copyrighted  material  is  quoted,  permission  has  been 

obtained  to  use  such  material. 

_  Where  material  form  documents  designated  for  limited 

distribution  is  quoted,  permission  has  been  obtained  to  use  the 
material . 

_  Citations  of  commercial  organizations  and  trade  names  in  this 

report  do  not  constitute  an  official  Department  of  Army  endorsement 
or  approval  of  the  products  or  services  of  these  organizations. 

x  In  conducting  research  using  animals,  the  investigator ( s ) 
adhered  to  the  "Guide  for  the  Care  and  Use  of  Laboratory  Animals," 
prepared  by  the  Committee  on  Care  and  use  of  Laboratory  Animals  of 
the  Institute  of  Laboratory  Resources,  national  Research  Council  (NIH 
Publication  No.  86-23,  Revised  1985). 

x  For  the  protection  of  human  subjects,  the  investigator ( s) 
adhered  to  policies  of  applicable  Federal  Law  45  CFR  46. 

N/A  In  conducting  research  utilizing  recombinant  DNA  technology,  the 
investigator ( s )  adhered  to  current  guidelines  promulgated  by  the 
National  Institutes  of  Health. 

N/A  In  the  conduct  of  research  utilizing  recombinant  DNA,  the 
investigator (s)  adhered  to  the  NIH  Guidelines  for  Research  Involving 
Recombinant  DNA  Molecules. 

N/A  In  the  conduct  of  research  involving  hazardous  organisms,  the 
investigator ( s )  adhered  to  the  CDC-NIH  Guide  for  Biosafety  in 
Microbiological  and  Biomedical  Laboratories . 


tf—  —  li  I  Jo  )o 

PI  -  Signature  Date 


P.I.:  AVRAHAM,  Hava 
Grant  #:  DAMD 1 7-99-1-9078 


TABLE  OF  CONTENTS 

Page  # 

FRONT  COVER  1 

STANDARD  FORM  (SF)  298  2 

FOREWORD  3 

TABLE  OF  CONTENTS  4 

INTRODUCTION  5 

BODY  5-10 

KEY  RESEARCH  ACCOMPLISHMENTS  1 0 

REPORTABLE  OUTCOMES  1 1 

CONCLUSIONS  11 

REFERENCES 
APPENDICES 


4 


P.I.:  AVRAHAM,  Hava 
Grant#:  DAMD 17-99- 1-9078 


FINAL  REPORT  FOR  AWARD  #:  DAMD17-99-1-9078 

Year  3  of 3 

Title:  Studies  of  Vascular  Endothelial  Growth  Factor  (VEGF)  Signaling  in  Breast  Cancer  Cells 
P.I.:  Hava  Avraham,  Ph.D. 


INTRODUCTION 

The  overall  goal  of  our  proposal  is  to  investigate  the  function  of  VEGF  in  breast  cancer  cell 
growth  and  signaling.  The  first  step  in  VEGF  action  is  binding  to  its  high  affinity  tyrosine  kinase 
receptors  Flt-1  and  Flk-l/KDR,  found  primarily  in  endothelial  cells.  Our  data  suggest  that  breast  cancer 
cells  secrete  various  levels  of  VEGF  and  express  in  addition  to  the  Flt-1  and  Flk-l/KDR  receptors,  a 
novel  VEGF  receptor  type  which  needs  to  be  identified  and  characterized.  These  data  lead  us  to 
hypothesize  that  VEGF,  secreted  by  breast  cancer  cells,  is  a  multi-functional  protein  which  acts  in  an 
autocrine  fashion  and  can  simultaneously  activate  specific  VEGF  receptor  signaling  pathways  in  breast 
cancer  cells,  thereby  regulating  breast  cancer  cell  growth,  tumor  angiogenesis  and  subsequently  tumor 
growth.  In  order  to  test  this  hypothesis,  we  propose  to  focus  on  two  basic  aims:  (a)  To  identify  and 
characterize  the  VEGF  receptors  expressed  in  breast  cancer  cell,  and  to  analyze  their  expression  in 
primary  breast  tissues.  We  will  elucidate  the  signaling  events  upon  VEGF  stimulation  in  breast  cancer 
cells  and  identify  which  activated  signaling  molecules  are  essential  for  the  VEGF-mediated  effects  on 
breast  cancer  cell  growth;  and  (b)  To  study  the  effects  of  VEGF  and  VEGF  receptor  expression  on  the 
regulation  of  tumor  angiogenesis  and  signal  transduction  pathways  in  breast  cancer  cells.  Specifically, 
we  will  investigate  effects  of  conditional  ectopic  expression  of  VEGF  and  VEGF  receptors  in  MCF-7 
breast  cancer  cells  and  in  MCF-10A  normal  mammary  epithelial  cells  and  will  analyze  the  effects  of 
their  overexpression  on  the  regulation  of  tumor  angiogenesis  and  signal  transduction  pathways  in  breast 
cancer  cells. 

HYPOTHESIS/PURPOSE 

This  overall  goal  of  this  proposal  is  to  investigate  the  function  of  VEGF  in  breast  cancer  cell  growth  and 
signaling.  We  hypothesize  that  VEGF,  secreted  by  breast  cancer  cells,  is  a  multifunctional  protein 
which  acts  in  an  autocrine  fashion  and  can  simultaneously  activate  specific  VEGF  receptor  signaling 
pathways,  thereby  regulating  breast  cancer  cell  growth,  invasion,  tumor  angiogenesis  and  subsequently 
tumor  growth. 

TECHNICAL  OBJECTIVES 

In  this  proposal,  we  elucidated  VEGF  signaling  pathways  in  breast  cancer  cells  (BCs)  and  identified 
which  activated  signaling  molecules  are  essential  for  the  VEGF-mediated  effects  on  breast  cancer  cell 
growth.  In  addition,  we  characterized  the  VEGF  receptors  expressed  in  BCs  that  mediate  the  specific 
effects  of  VEGF  and  investigated  the  effects  of  conditional  ectopic  expression  of  VEGF  and  VEGF 
receptors  on  the  regulation  of  tumor  angiogenesis  and  signal  transductional  pathways  in  breast  cancer 
cells.  Toward  this  goal,  the  following  specific  aims  were  proposed: 

Specific  Aim  1:  To  characterize  signaling  events  upon  VEGF  stimulation  in  breast  cancer  cells. 

A.  To  identify  and  characterize  the  VEGF  receptors  in  breast  cancer  cells,  and  analyze  their 
expression  in  primary  breast  tumors. 

B.  To  elucidate  the  receptor-activated  signaling  molecules  in  response  to  VEGF  stimulation. 
Specific  Aim  2:  To  study  the  effects  of  VEGF  and  VEGF  receptor  expression  on  the  regulation  of 
tumor  angiogenesis  and  signal  transduction  pathways  in  breast  cancer  cells. 

RESULTS 

Specific  Aim  1  was  completed,  as  was  reported  in  my  previous  report. 
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Specific  Aim  2:  We  have  attempted  to  generate  VEGF  stable  transfected  breast  cancer  cells  MCF-7  and 
normal  mammary  epithelial  cells  MCF-10A.  However,  we  failed  to  generate  these  stable  clones. 
Overexpression  of  VEGF  in  these  cells  affected  their  survival.  Therefore,  we  decided  to  use  an 
alternative  approach  of  downregulation  of  VEGF  expression  in  MDA-MB-231  cells  and  analyzed  the 
effects  on  apoptosis,  survival  and  migration.  MDA-MB-231  cells  are  human  breast  cancer  that  secrete 
high  levels  of  VEGF  and  are  highly  tumorigenic.  We  generated  stable  clones  of  MDA-MB-231  cells 
that  overexpress  sense  and  antisense  VEGF  and  analyzed  these  clones  as  described  below.  Since  some 
of  the  breast  cancer  patients  develop  breast  metastasis  to  the  brain,  we  also  analyzed  the  autocrine  and 
paracrine  role  of  VEGF  in  breast  cancer  metastasis  using  these  clones. 

VEGF/VPF  Increases  Penetration  of  MDA-MB-231  Cells  across  an  HBMEC  Monolayer — To  test 
whether  VEGF/VPF  increases  tumor  cell  penetration,  Dil-labeled  MDA-MB-23 1  cells  were  added  to  an 
HBMEC  monolayer  cultured  onto  a  Transwell  apical  chamber,  and  then  penetrating  MDA-MB-23 1  cells 
were  assessed  under  a  fluorescent  microscope.  VEGF/VPF  treatment  led  to  a  dose— dependent  increase 
in  the  penetration  of  MDA-MB-231  cells  across  the  HBMEC  monolayer  as  compared  to  the  untreated 
control  (Fig.  1).  However,  basic  fibroblast  growth  factor  (bFGF),  which  is  also  known  as  a  potent 
endothelial  cell  growth  factor  that  does  not  increase  vascular  permeability,  failed  to  significantly 
increase  the  transendothelial  migration  of  the  cells.  These  data  indicate  the  possibility  that  increased 
transmigration  of  MDA-MB-23 1  cells  is  due  to  the  endothelial  cell  retraction  induced  by  VEGF/VPF 
and  not  due  to  the  mitogenic  effect  of  VEGF/VPF. 

MDA-MB-231  cells  failed  to  migrate  toward  either  the  basolateral  side  of  the  formaldehyde-fixed 
HBMEC  monolayer  or  the  fibronectin-coated  polycarbonate  filter  without  the  HBMEC  monolayer  (data 
not  shown),  indicating  that  the  living  endothelial  monolayer  is  needed  to  induce  the  migration  of  tumor 
cells  toward  the  basolateral  side  of  the  filter  as  reported  previously.  To  further  characterize  whether 
VEGF/VPF  is  related  directly  to  the  increased  transendothelial  migration  of  MDA-MB-231  cells,  the 
HBMEC  monolayer  was  treated  with  VEGF/VPF  monoclonal  antibodies  and  with  SU-1498,  an 
antagonist  of  VEGF/VPF  receptor  (Flk-l/KDR).  As  shown  in  Fig.  3,  both  treatments  against  VEGF/VPF 
significantly  inhibited  the  transendothelial  migration  of  MDA-MB-231  cells  at  20  pg/ml  and  50 
jiM,  respectively. 

VEGF/VPF  Increases  the  Adhesion  of  MDA-MB-231  Cells  to  an  HBMEC  Monolayer— Metastatic 
tumor  cells  attach  more  preferentially  to  SEB  membrane  components  than  to  the  apical  surface  of  an 
intact  endothelial  monolayer.  The  same  phenomenon  was  observed  in  this  study  with  MDA-MB-231 
cells  which  attached  preferentially  to  areas  where  the  SEB  of  the  endothelial  cell  was  exposed  (Fig.  2, 
right  panel).  Therefore,  the  increased  transendothelial  migration  of  MDA-MB-231  cells  induced  by 
VEGF/VPF  might  result  from  increased  adhesion  of  the  cells  to  the  SEB  membrane  components  of 
endothelial  cells  which  were  exposed.  To  test  this  possibility,  Dil-labeled  MDA-MB-231  cells  were 
added  to  an  HBMEC  monolayer  cultured  onto  24-well  plates  with  or  without  VEGF/VPF  and  cell 
adhesion  was  then  assessed  under  a  fluorescent  microscope.  At  a  concentration  of  30  ng/ml,  VEGF/VPF 
increased  the  adhesion  of  MDA-MB-231  cells  to  the  HBMEC  monolayer  by  3-fold  as  compared  to  the 
untreated  control  (Fig.  2,  left  panel),  and  this  effect  was  blocked  by  VEGF/VPF  monoclonal  antibodies 
and  SU-1498  (Fig.  4).  However,  bFGF  failed  to  significantly  increase  the  adhesion  of  tumor  cells  to  the 
monolayer  as  compared  to  the  untreated  control  (Fig.  2).  These  results  indicate  that  the  increased 
transendothelial  migration  of  MDA-MB-23 1  cells  induced  by  VEGF/VPF  was  at  least  in  part  derived 
from  enhanced  tumor  cell  adhesion  onto  the  exposed  SEB  membrane  components. 

VEGF/VPF  Increases  the  Transendothelial  Migration  and  Adhesion  of  MDA-MB-231  Cells  through 
Calcium  Signaling — VEGF/VPF  stimulates  several  molecules  mediating  intracellular  signals  in 
endothelial  cells,  including  mitogen-activated  protein/extracellular  signal-regulated  kinase  (ERK)  kinase 
(MEK),  phosphatidylinositol  3-kinase  (PI3-kinase),  and  calcium.  To  examine  which  signaling  pathways 
of  VEGF/VPF  in  endothelial  cells  are  responsible  for  the  increased  transendothelial  migration  and 
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adhesion  of  MDA-MB-231  cells,  the  effects  of  specific  inhibitors  for  various  VEGF/VPF  signaling 
pathways  were  tested.  As  shown  in  Figs.  3  and  4,  the  intracellular  calcium  chelator  (BAPTA-AM) 

'  inhibited  the  increased  transendothelial  migration  and  adhesion  of  MDA-MB-23 1  cells  stimulated  by 
VEGF/VPF  while  the  MEK  inhibitor  (PD98059)  and  the  PI3-kinase  inhibitor  (Wortmannin)  had  no 
effect,  indicating  that  VEGF/VPF  increases  the  transendothelial  migration  and  adhesion  of  MDA-MB- 
231  cells  through  activation  of  endothelial  calcium  signaling. 

VEGF/VPF  Increases  the  Permeability  of  the  HBMEC  Monolayer— Endothelial  cell  retraction 
induces  the  breakdown  of  intercellular  junctions  and  leads  to  an  increase  in  vascular  permeability. 
Therefore,  we  measured  the  extent  of  endothelial  cell  retraction  induced  by  VEGF/VPF  as  the  degree  of 
permeability  change  of  [3H]  inulin  through  the  HBMEC  monolayer.  As  expected,  VEGF/VPF 
meaningfully  increased  the  permeability  of  the  monolayer  as  compared  to  the  untreated  control,  and  this 
effect  was  blocked  by  VEGF/VPF  monoclonal  antibody  and  SU-1498  (Fig.  5).  Furthermore,  the 
increased  vascular  permeability  caused  by  VEGF/VPF  was  abolished  by  BAPTA-AM  but  not  by 
PD98059  and  Wortmannin  (Fig.  5),  indicating  that  calcium  signaling  mediates  the  increased 
permeability  induced  by  VEGF/VPF. 

VEGF/VPF  Induces  Cytoskeletal  Rearrangement  of  HBMECs — We  then  assessed  the  mechanism 
that  leads  to  increased  endothelial  cell  permeability.  One  important  regulatory  mechanism  for  the 
integrity  of  endothelial  cell  junction  maintenance  is  the  distribution  of  actin  to  a  cortical  pattern, 
precluding  stress  fiber  formation.  As  shown  in  Fig.  6A,  VEGF/VPF  caused  a  marked  redistribution  of 
actin  fibers  which  condensed  toward  the  center  of  the  cell,  with  resulting  stress  fiber  formation.  The 
actin  condensation  in  the  endothelial  cells  occurred  within  15  min  after  VEGF/VPF  treatment.  Actin 
redistribution  induced  by  VEGF/VPF  was  substantially  reversed  by  co-incubation  with  VEGF/VPF 
monoclonal  antibody  and  SU-1498  (data  not  shown).  These  data  indicated  that  VEGF/VPF  was 
responsible  for  the  architectural  change  within  the  endothelial  cell,  leading  to  increased  vascular 
permeability.  Since  we  found  that  calcium  signaling  contributed  to  the  increased  permeability  stimulated 
by  VEGF/VPF,  we  assessed  its  contribution  to  the  redistribution  of  actin.  We  found  that  BAPTA-AM 
potently  blocked  the  effect  of  VEGF/VPF  in  stimulating  actin  redistribution  (Fig.  6A),  suggesting  a 
molecular  mechanism  for  the  role  of  calcium  in  modulating  the  permeability  of  the  HBMEC  monolayer. 

We  also  examined  adherens  junction  protein  alignment  at  the  HBMEC  monolayer  (Fig.  6B).  The 
specific  endothelial  adherens  junctional  protein  VE-cadherin  has  been  shown  to  maintain  and  perhaps 
regulate  endothelial  barrier  properties.  VE-cadherin  was  disrupted  to  a  zig-zag  form  within  15  min  after 
treatment  with  VEGF/VPF.  After  2  hours,  gaps  between  adjacent  endothelial  cells  could  be  seen  where 
junctional  protein  staining  was  lost  (Fig.  6B).  Co-incubation  of  monolayers  with  BAPTA-AM  failed  to 
show  disorganization  of  VE-cadherin  or  promote  the  appearance  of  inter-endothelial  gap  formation  (Fig. 
6B),  indicating  that  calcium  signaling  governs  the  endothelial  junction  disorganization  produced  by 
VEGF/VPF. 

These  data  suggest  that  the  increased  transendothelial  migration  of  MDA-MB-23 1  cells  induced  by 
VEGF/VPF  occurs  through  the  loss  of  junctional  proteins,  with  concomitant  gap  formation  in 
endothelial  monolayer,  as  shown  in  Fig.  6C. 

Down-Regulation  of  VEGF/VPF  Expression  Induces  Apoptosis  and  Inhibits  the  Transendothelial 
Migration  of  MDA-MB-231  Cells  —In  addition  to  its  vascular  permeability  activity  in  endothelial  cells, 
VEGF/VPF  induces  intracellular  signaling  that  mediates  the  proliferation  and  invasion  of  breast  cancer 
cells.  To  examine  the  possibility  that  the  endogenous  VEGF/VPF  in  MDA-MB-23 1  cells  modulates  the 
transendothelial  migration  of  these  cells,  we  have  generated  MDA-MB-231  clones  stably  transfected 
with  antisense  VEGF/VPF  cDNA  constructs  (AS-VEGF-C1  and  -C2).  In  these  clones,  VEGF/VPF 
expression  was  down-regulated  significantly  as  compared  to  the  parental  cells  (Fig.  7A).  When  these 
cells  were  added  to  the  HBMEC  monolayer  and  examined  for  transendothelial  migration,  the  two  stable 
clones  showed  reduced  migration  toward  the  bottom  of  the  HBMEC  monolayer  as  compared  to  the 
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parental  or  control  vector  expressing  cells  (pZeoSV,  Fig.  7B).  Next,  using  cell  cycle  analysis  and 
TUNEL  assay,  we  investigated  whether  the  reduced  transendothelial  migration  of  AS-VEGF-C1  and  - 
C2  clones  resulted  from  the  increased  apoptosis  of  these  cells.  As  shown  in  Fig.  8A  and  B,  the  apoptosis 
rates  of  AS-VEGF-C 1  and  -C2  clones  were  significantly  increased  over  the  parental  or  pZeoSV  cells, 
indicating  that  endogenous  VEGF/VPF  acts  as  a  survival  factor  in  MDA-MB-231  cells.  Furthermore, 
apoptosis  gene  array  analysis  revealed  that  apoptosis-related  genes  such  as  TRAIL,  Cox-2,  caspase-7, 
and  -8  were  up-regulated  significantly  in  AS-VEGF-C  1  and  -C2  clones  as  compared  to  the  parental  or 
pZeoSV  cells  (Fig.  8C,  Table  1),  strongly  suggesting  that  the  reduced  transendothelial  migration  of  AS- 
VEGF-C  1  and  -C2  resulted  from  the  increased  apoptosis  of  these  cells. 

VEGF/VPF  Promotes  the  Survival  of  MDA-MB-231  Cells  Through  the  P 13 -kinase  Pathway— Since 
VEGF/VPF  can  stimulate  the  PI3-kinase  pathway,  we  examined  whether  VEGF/VPF  mediates  the 
survival  of  MDA-MB-23 1  cells  through  phosphorylation  of  the  serine/threonine  kinase  Akt/PKB,  a 
downstream  target  of  PI3-kinase.  To  test  this  possibility,  the  AS-VEGF-C1  clone  was  treated  with 
VEGF/VPF  (100  ng/ml)  for  15  min  and  the  phosphorylation  of  Akt  was  analyzed  by  Western  blotting. 
VEGF/VPF  increased  significantly  the  phosphorylation  of  Akt  as  compared  to  the  untreated  control 
(Fig.  9A),  but  failed  to  increase  the  phosphorylation  of  ERK  (data  not  shown).  Epidermal  growth  factor 
(EGF)  did  not  increase  significantly  the  phosphorylation  of  Akt  as  compared  to  the  untreated  control.  In 
addition,  VEGF-Ad-infected  cells  showed  increased  PI3-kinase  activity  and  Akt  phosphorylation  as 
compared  to  the  parental  or  CTL-Ad-infected  cells  (Fig.  9B,  C,  and  D).  However,  no  change  in  the  ERK 
phosphorylation  of  VEGF-Ad-infected  cells  was  observed  (Fig.  9E).  These  data  indicate  that 
VEGF/VPF  mediates  the  survival  of  MDA-MB-23 1  cells  via  the  PI3 -kinase/ Akt  pathway. 

FIGURE  LEGENDS 

Fig.  1.  VEGF/VPF  increases  transendothelial  migration  of  MDA-MB-231  cells  across  an  HBMEC 
monolayer.  HBMECs  were  added  to  fibronectin-coated  24-well  Transculture  inserts  with  pore  sizes  of  8 
jim  (Costar  Corp.)  and  grown  for  5  days  in  5%  CO2  at  37  °C.  40,000  Dil-labeled  MDA-MB-231  cells 
were  added  to  the  apical  chamber.  To  exclude  the  chemoattractant  effect  of  the  added  growth  factor, 
bFGF  or  VEGF/VPF  was  added  evenly  to  the  apical  and  basolateral  chambers.  After  incubation  for  6 
hours,  the  apical  chamber  was  fixed  with  3.7%  formaldehyde  and  washed  extensively  with  PBS.  The 
apical  side  of  the  apical  chamber  was  scraped  gently  with  cotton  wool.  Only  the  migrating  tumor  cells 
were  observed  by  a  fluorescent  microscope  and  counted  from  10  random  fields  of  200  magnification. 
The  results  are  presented  as  the  mean  ±  SD  of  duplicate  samples  and  are  representative  of  5  individual 
studies.  CTL,  control 

Fig.  2.  VEGF/VPF  increases  Adhesion  of  MDA-MB-231  cells  onto  the  HBMEC  monolayer. 
HBMECs  were  added  to  attachment  factor-coated  24-well  culture  plates  and  grown  for  5  days  in  5% 
C02  at  37  °C.  100,000  Dil-labeled  MDA-MB-231  cells  in  500  pi  of  the  same  medium  were  added  to 
each  well  with  or  without  test  samples.  After  incubation  for  2  hours,  the  wells  were  fixed  with  3.7% 
formaldehyde  and  washed  extensively  with  PBS  to  remove  floating  tumor  cells.  Attached  tumor  cells 
were  observed  by  a  fluorescent  microscope  and  counted  from  1 0  random  fields  of  200  magnification. 
Atematively,  to  detach  the  endothelial  monolayer,  the  monolayers  were  treated  with  50  mM  NH4OH 
solution  for  5  min  and  washed  extensively  with  PBS  before  adding  the  Dil-labeled  MDA-MB-231  cells. 
The  results  are  presented  as  the  mean  ±  SD  of  triplicate  samples.  CTL,  control;  EC,  endothelial  cells; 
SEB,  sub-endothelial  basement 

Fig.  3.  BAPTA/AM  inhibits  transendothelial  migration  of  MDA-MB-231  cells  across  an  HBMEC 
monolayer.  HBMECs  were  added  to  fibronectin-coated  24-well  Transculture  inserts  with  pore  sizes  of  8 
pm  (Costar  Corp.)  and  grown  for  5  days  in  5%  CO2  at  37  °C.  The  monolayers  were  pre-treated  for  30 
min  with  the  indicated  inhibitors  and  washed  twice  with  culture  medium.  40,000  Dil-labeled  MDA-MB- 
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231  cells  were  added  to  the  apical  chamber.  To  exclude  the  chemoattractant  effect  of  the  added  growth 
factor,  VEGF/VPF  was  added  evenly  to  the  apical  and  basolateral  chambers.  After  incubation  for  6 
hours,  the  apical  chamber  was  fixed  with  3.7%  formaldehyde  and  washed  extensively  with  PBS.  The 
apical  side  of  the  apical  chamber  was  scraped  gently  with  cotton  wool.  Only  the  migrating  tumor  cells 
were  observed  by  a  fluorescent  microscope  and  counted  from  1 0  random  fields  of  200  magnification. 
The  results  are  presented  as  the  mean  ±  SD  of  triplicate  samples.  CTL,  control;  VEGF-Ab,  VEGF/VPF 
antibody  (20  pg/ml);  SU,  SU-1498  (50  pM);  PD,  PD98059  (10  pM);  WM,  Wortmannin  (1  pM); 
BAPTA,  B  APT  A- AM  (10  pM) 

Fig.  4.  B APT A/AM  inhibits  adhesion  of  MDA-MB-231  cells  onto  the  HBMEC  monolayer. 

HBMECs  were  added  to  attachment  factor-coated  24-well  culture  plates  and  grown  for  5  days  in  5% 
CO2  at  37  °C.  The  monolayers  were  pre-treated  for  30  min  with  the  indicated  inhibitors  and  all  inhibitors 
except  VEGF/VPF  monoclonal  antibodies  and  SU-1498  were  removed  from  the  monolayers  by  washing 
twice  with  culture  medium.  100,000  Dil-labeled  MDA-MB-231  cells  in  500  pi  of  the  same  medium 
were  added  to  each  well  with  or  without  VEGF/VPF.  After  incubation  for  2  hours,  the  wells  were  fixed 
with  3.7%  formaldehyde  and  washed  extensively  with  PBS  to  remove  floating  tumor  cells.  Attached 
tumor  cells  were  observed  by  a  fluorescent  microscope  and  counted  from  10  random  fields  of  200 
magnification.  The  results  are  presented  as  the  mean  ±  SD  of  triplicate  samples.  CTL,  control;  VEGF- 
Ab,  VEGF/VPF  antibody  (20  pg/ml);  SU,  SU-1498  (50  pM);  PD,  PD98059  (10  pM);  WM,  Wortmannin 
(1  pM);  BAPTA,  BAPTA-AM  (10  pM) 

Fig.  5.  VEGF/VPF  increases  the  permeability  of  the  HBMEC  monolayer.  Approximately  100,000 
HBMECs  were  added  to  fibronectin-coated  24-well  Transculture  inserts  with  pore  sizes  of  0.4  pm 
(Falcon  Corp.)  and  grown  for  5  days  in  5%  CO2  at  37°C.  After  the  removal  of  culture  medium,  0.4  ml  of 
the  fresh  culture  medium  containing  [3H]  inulin  (1  pCi)  was  added  to  the  apical  chamber.  The 
basolateral  chamber  was  filled  with  0.6  ml  of  the  same  medium  without  [3H]  inulin  and  then  VEGF/VPF 
(30  ng/ml)  was  added  to  the  apical  and  basolateral  chambers.  For  the  inhibitor  treatment,  the  monolayers 
were  pre-treated  for  30  min  with  various  inhibitors  as  indicated  before  VEGF/VPF  treatment.  After  the 
incubation  for  2  hours,  30  pi  of  medium  from  the  basolateral  chamber  were  collected  and  the  amount  of 
[3H]  inulin  across  the  monolayers  was  determined  by  scintillation  counting.  The  data  represent  the  mean 
values  of  total  cpm  of  three  separate  experiments.  CTL,  control;  VEGF-Ab,  VEGF/VPF  antibody  (20 
pg/ml);  SU,  SU-1498  (50  pM);  PD,  PD98059  (10  pM);  WM,  Wortmannin  (1  pM);  BAPTA,  BAPTA- 
AM  (10  pM) 

Fig.  6.  VEGF/VPF  induces  actin  redistribution  and  VE-cadherin  disruption  in  HBMECs.  Panel  A, 
HBMECs  were  added  to  fibronectin-coated  24-well  Transculture  inserts  with  pore  sizes  of  0.4  pm  and 
grown  for  5  days  in  5%  CO2  at  37°C.  After  assaying  for  2  hours,  the  cells  were  fixed  with  3.7% 
formaldehyde  in  PBS,  and  then  permeabilized  with  0.5%  Triton  X-100.  The  F-actin  in  the  cells  was 
stained  and  observed  by  a  fluorescent  microscope.  Panel  B,  HBMECs  were  grown  as  in  A.  After 
assaying,  the  cells  were  fixed  with  3.7%  formaldehyde  in  PBS,  and  then  permeabilized  with  0.5%  Triton 
X-100.  The  VE-Cadherin  of  the  cells  was  stained  and  viewed  under  a  confocal  microscope.  Panel  C, 
HBMECs  were  grown  as  in  A.  Approximately  1,000  BCECF-AM-labeled  MDA-MB-231  cells  were 
added  to  each  well  with  or  without  VEGF/VPF.  After  incubation  for  2  hours,  the  cells  were  fixed  with 
3.7%  formaldehyde  in  PBS.  VE-cadherin  in  the  HBMECs  was  stained  and  viewed  under  a  confocal 
microscope.  MDA-MB-231  cells  are  visualized  by  green  color,  whereas  VE-cadherin  is  viewed  as  red 
color,  respectively.  CTL,  control;  VEGF/VPF,  30  ng/ml;  BAPTA-AM,  10  pM 

Fig.  7.  Down-regulation  of  endogenous  VEGF/VPF  induces  the  reduced  transendothelial 
migration  of  MDA-MB-231  cells.  Panel  A,  antisense  VEGF/VPF  transfectants  were  stably  generated. 
MDA-MB-231  cells  were  transfected  with  antisense  VEGF  vector  and  selected  in  the  presence  of 
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Zeocin.(l  mg/ml).  VEGF/VPF  expression  of  MDA-MB-231  transfectants  was  analyzed  by  Western 
blotting  using  a  polyclonal  anti- VEGF/VPF  antibody.  Total  protein  extracts  were  analyzed  by  Western 
blotting  using  anti-Csk  antibody  as  an  internal  control.  Panel  B,  HBMECs  were  added  to  fibronectin- 
coated  24-well  Transculture  inserts  with  pore  sizes  of  8  pm  (Costar  Corp.)  and  grown  for  5  days  in  5% 
C02  at  37  °C.  40,000  Dil-labeled  parental  or  transfected  MDA-MB-231  cells  were  added  to  the  apical 
chamber.  After  incubation  for  6  hours,  the  apical  chamber  was  fixed  with  3.7%  formaldehyde  and 
washed  extensively  with  PBS.  The  apical  side  of  the  apical  chamber  was  scraped  gently  with  cotton 
wool.  Only  the  migrating  tumor  cells  were  observed  by  a  fluorescent  microscope  and  counted  from  10 
random  fields  of 200  magnification.  The  results  are  presented  as  the  mean  ±  SD  of  triplicate  samples. 

Fig.  8.  Down-regulation  of  endogenous  VEGF/VPF  induces  apoptosis  of  MDA-MB-231  cells.  Panel 

A,  parental  or  transfected  MDA-MB-231  cells  were  grown  subconfluently  in  6-well  plates  in  culture 
medium  containing  10%  FBS.  The  cells  were  harvested,  centrifuged  and  fixed  with  70%  cold  ethanol. 
Ethanol-fixed  cells  were  centrifuged  and  suspended  in  1  ml  of  PI/Triton  X-100  staining  solution  and 
incubated  for  15  min  at  37  °C.  Samples  were  analyzed  by  flow  cytometry,  and  apoptosis  was  measured 
as  the  percentage  of  cells  with  a  sub  Go/  G|  DNA  content  in  the  PI  intensity-area  histogram  plot.  Panel 

B,  parental  or  transfected  MDA-MB-231  cells  were  grown  on  chamber  slides  and  stained  with  the 
fluorescein  in  situ  cell  death  detection  kit  (Boehringer  Mannheim)  according  to  the  protocol  of  the 
manufacturer.  After  washing  with  PBS,  the  cells  were  mounted  and  intracellular  fluorescein-labeled 
fragmented  DNA  was  observed  by  a  fluorescent  microscope.  Panel  C,  parental  or  transfected  MDA- 
MB-231  cells  were  grown  subconfluently  in  6-well  plates  in  culture  medium  containing  10%  FBS.  Total 
RNA  preparation  and  hybridization  were  performed.  The  hybridized  membranes  were  exposed  on  a 
Phosphorimager  and  analyzed  by  using  Array  Vision™  software.  1,  TRAIL;  2,  Cox-2 

Fig.  9.  VEGF/VPF  induces  PI3-kinase  activation  in  MDA-MB-231  cells.  Panel  A,  the  AS-VEGF-C1 
clone  was  grown  subconfluently  in  6-well  plates  in  culture  medium  containing  10%  FBS.  The  medium 
was  replaced  by  culture  medium  containing  0.5%  FBS  and,  after  starvation  for  24  hours,  the  cells  were 
stimulated  by  VEGF/VPF  (100  ng/ml)  or  EGF  (100  ng/ml)  for  15  min.  The  cells  were  then  lysed,  and  50 
pg  of  total  protein  was  resolved  by  12%  SDS-PAGE  and  subjected  to  Western  blot  analysis  by  using 
anti-human  phospho-Akt  antibody.  To  verify  the  amount  of  loaded  proteins,  blots  were  reprobed  with 
anti-human  Akt  antibody.  Panels  B-E,  MDA-MB-231  cells  were  grown  subconfluently  in  6-well  plates 
in  culture  medium  containing  10%  FBS.  The  medium  was  replaced  by  culture  medium  containing  0.5% 
FBS  and  after  starvation  overnight,  the  cells  were  infected  with  VEGF-Ad.  After  incubation  for  24 
hours,  the  cells  were  lysed,  and  50  pg  of  total  protein  was  resolved  by  12%  SDS-PAGE  and  subjected  to 
Western  blot  analysis  by  using  anti-human  VEGF/VPF  antibody  (B),  anti-human  phospho-Akt  antibody 
(D),  or  anti-mouse  phospho-ERK  antibody  (E).  Total  protein  extracts  were  analyzed  by  Western  blotting 
using  anti-Csk  antibody  (B),  anti-human  Akt  antibody  (D),  or  anti-mouse  ERK  monoclonal  antibody  (E) 
as  an  internal  control.  Alternatively,  a  PI3 -kinase  assay  was  performed.  Briefly,  cell  lysates  containing 
1  mg  of  protein  were  incubated  overnight  at  4°C  with  anti-human  p85  subunit  specific  PI3-kinase 
antibody  and  Protein  G  Sepharose.  After  washing,  the  beads  were  incubated  in  reaction  buffer 
containing  5  pg  of  PI,  50  pM  ATP,  and  5  pCi  [y— 32P]ATP  for  10  min  at  room  temperature.  Lipid 
extracts  were  resolved  on  thin  layer  chromatography  plates  and  then  the  plate  was  exposed  to  X-ray  film 
(C,  upper  panel).  The  PI3-P  was  eluted  from  the  plate  and  the  amount  was  determined  by  scintillation 
counting  (C,  lower  panel).  CTL,  control;  PI3-P,  phosphatidyl  inositol-3  phosphate 


KEY  RESEARCH  ACCOMPLISHMENTS; 

The  effects  of  VEGF  on  Signaling,  migration,  survival  and  breast  metastasis  to  the  brain  have  been 
analyzed  in  breast  cancer  cells.  In  addition,  we  determined  the  role  of  the  extracellular  matrix  (ECM)  in 
mediating  VEGF’s  function  in  breast  cancer  cells. 
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CONCLUSIONS 

1)  VEGF  stimulation  of  breast  cancer  cells  resulted  in  increase  in  cellular  invasion  and  played  a  role  in 
signaling  in  breast  cancer  cells. 

2)  VEGF  required  the  extracellular  matrix  components  to  induce  mitogenic  effects  and  migratory 
response  in  breast  cancer  cells. 

3)  VEGF  plays  an  important  role  in  breast  metastasis  to  the  brain.  Breast  tumors  that  secrete  VEGF  are 
likely  to  be  also  metastatic  tumors. 
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Table  1.  Expression  of  apoptosis  related-genes  in  antisense  VEGF/VPF  transfected 
MDA-MB-231  cells 

The  human  apoptotic  cDNA  membranes  were  hybridized  with  total  RNA  isolated 
from  antisense  VEGF/VPF-transfected  MDA-MB-231  cells.  The  membranes  were 
exposed  on  a  Phosphorimager  and  analyzed  using  ArrayVision  ™  software.  The  sVOL 
is  the  subtracted  volume  value  derived  by  subtracting  the  background  volume  value 
from  the  volume  value  of  the  spot.  Genomic  DNA  and  GAPDH  represent  the  positive 
controls  for  the  hybridizations. 


Apoptosis  related-  Control  sVOL 

genes  [(Parental  +  PzeoSV)/2] 

Data  sVOL 
[(VEGF-C1+  C2)/2] 

Data/Control 
ratio  (VOL) 

TRAIL 

0.38 

10.30 

27.10 

Cox-2 

0.48 

5.91 

12.31 

GM-CSF 

0.38 

2.06 

5.42 

IL-lbeta 

1.32 

5.11 

3.87 

DAP  kinase 

0.84 

3.17 

3.77 

VEGI 

0.80 

2.85 

3.56 

p27 

1.42 

4.83 

3.40 

IAP-1 

3.68 

11.81 

3.20 

M-CSF 

8.84 

27.75 

3.13 

P21 

1.23 

3.40 

2.76 

BimEL 

1.17 

3.15 

2.69 

Caspase-7 

2.93 

7.86 

2.68 

Rb2/p130 

2.34 

6.19 

2.63 

NAIP 

2.07 

5.37 

2.59 

GALECTIN-3 

7.77 

19.86 

2.55 

IGF-I  R 

1.71 

4.18 

2.44 

IL-12  p35 

1.02 

2.46 

2.41 

Caspase-8 

2.23 

5.18 

2.32 

RAR-epsilon 

1.97 

4.57 

2.31 

TANK 

3.42 

7.55 

2.20 

HLA  he 

20.14 

43.79 

2.17 

IFN-gamma  R1 

3.17 

6.85 

2.16 

BDNF 

3.98 

8.57 

2.15 

plOO/NF-kappa  B2 

10.01 

21.39 

2.13 

GAPDH 

175.01 

226.77 

1.29 

Genomic  DNA 

88.79 

102.63 

1.15 
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Role  of  Vascular  Endothelial  Growth  Factor  in  the  Stimulation 
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Abstract 

The  expression  of  vascular  endothelial  growth  factor 
(VEGF)  by  breast  tumors  has  been  previously 
correlated  with  a  poor  prognosis  in  the  pathogenesis 
of  breast  cancer.  Furthermore,  VEGF  secretion  is  a 
prerequisite  for  tumor  development.  Although  most  of 
the  effects  of  VEGF  have  been  shown  to  be  attributable 
to  the  stimulation  of  endothelial  cells,  we  present 
evidence  here  that  breast  tumor  cells  are  capable  of 
responding  to  VEGF.  We  show  that  VEGF  stimulation  of 
T-47D  breast  cancer  cells  leads  to  changes  in  cellular 
signaling  and  invasion.  VEGF  increases  the  cellular 
invasion  of  T-47D  breast  cancer  cells  on  Matrigel/ 
fibronectin-coated  transwell  membranes  by  a  factor  of 
two.  Northern  analysis  for  the  expression  of  the  known 
VEGF  receptors  shows  the  presence  of  moderate 
levels  of  Flt-1  and  low  levels  of  Flk-1/KDR  mRNAs  in  a 
variety  of  breast  cancer  cell  lines.  T-47D  breast  cancer 
cells  bind  125l-labeled  VEGF  with  a  Kd  of  13  x  10-9  m. 
VEGF  induces  the  activation  of  the  extracellular 
regulated  kinases  1,2  as  well  as  activation  of 
phosphatidylinositol  3'-kinase,  Akt,  and  Forkhead 
receptor  LI.  These  findings  in  T-47D  breast  cancer 
cells  strongly  suggest  an  autocrine  role  for  VEGF 
contributing  to  the  tumorigenic  phenotype. 

Introduction 

VEGF3  is  widely  recognized  to  be  significant  as  a  stimulator 
of  tumor  angiogenesis  (1-5).  A  variety  of  studies  have  shown 
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the  importance  of  VEGF  as  a  prognostic  indicator  of  the 
severity  of  breast  cancer  (6-10).  VEGF  occurs  in  a  number  of 
isoforms,  including  polypeptides  of  121,  145, 165,  189,  and 
206  amino  acids,  which  are  produced  by  the  alternate  splic¬ 
ing  of  a  single  gene  containing  eight  exons  (11-14).  Although 
VEGF-121  and  VEGF-165  are  the  isoforms  most  commonly 
secreted  by  tumor  cells,  it  is  the  VEGF-1 65  isoform  that  acts 
most  strongly  on  endothelial  cells,  leading  to  the  formation  of 
new  capillaries  (15,  16).  This  effect  of  VEGF-165  on  endo¬ 
thelial  cells  has  been  shown  to  be  through  defined  cytoplas¬ 
mic  receptors  (Flt-1,  Flk-1/KDR,  and  Neuropilin-1;  Refs.  17- 
22).  Among  its  other  effects,  the  stimulation  of  endothelial 
cells  by  VEGF-165  is  known  to  lead  to  cell  proliferation  and 
migration  (20,  23).  These  functions  are  likely  to  be  important 
in  the  formation  of  neovasculature  during  tumor  formation.  In 
support  of  this,  murine  embryonic  fibroblasts  with  targeted 
deletion  of  VEGF  were  significantly  less  tumorigenic  in  an  in 
vivo  model,  and  this  was  shown  to  be  related  to  decreased 
vascular  density  and  decreased  vascular  permeability  (1). 

VEGF  has  been  shown  to  be  present  in  breast  tumors  at 
levels  that  are,  on  average,  7-fold  higher  than  in  normal 
adjacent  tissue  (24).  Expression  of  the  VEGF  receptor,  Flt-1 , 
was  not  increased  in  these  tumors.  Other  investigators  have 
found  selective  expression  of  VEGF  and  Flk-1/KDR  in  breast 
carcinomas  (25).  Immunocytochemistry  showed  that  Flk-1/ 
KDR  was  primarily  present  in  the  endothelium  and  epithelium 
of  the  mammary  ducts.  A  number  of  studies  have  shown  that 
VEGF  secretion  by  the  tumor  cells  is  a  prerequisite  of  tumor 
development.  It  was  shown  recently  by  Yoshiji  et  ai  (26)  that 
VEGF  was  required  for  the  initial  stages  of  breast  cancer 
tumorigenesis,  and  that  this  initial  effect  was  related  to  the 
development  of  neovascular  stroma.  Other  studies  have 
shown  that  the  inhibition  of  vascular  angiogenesis  by  such 
agents  as  angiostatin  and  endostatin  resulted  in  reduced 
tumorigenesis  and  even  regression  of  established  tumors 
(27-30). 

Although  the  significance  of  VEGF  in  the  development  of 
tumor  vasculature  is  well  documented,  there  is  also  a  great 
amount  of  information  to  suggest  an  autocrine  effect  of 
VEGF  on  the  tumor  cells.  There  have  been  reports  of  VEGF 
signaling  in  melanoma  cells  (31,  32)  and  in  prostate  carci¬ 
noma  cells  (33).  Both  VEGF  and  Flt-1  have  been  shown  to  be 
expressed  in  angiosarcoma  cells  by  immunohistochemistry 
and  in  situ  hybridization  (34).  In  another  study,  De  Jong  etal . 
(35)  have  used  immunohistochemistry  to  measure  VEGF  and 
VEGF  receptors  in  breast  cancer.  They  also  investigated 
EGF,  PDGFa  and  -/3,  TGF/3,  and  their  respective  receptors. 
By  carrying  out  double  staining  for  the  receptor/ligand  com¬ 
binations,  they  were  able  to  distinguish  possible  autocrine 
and  paracrine  mechanisms  for  VEGF  acting  on  the  cells  of 
the  tumor.  These  investigators  concluded  that  in  22-24%  of 
cases,  VEGF  could  act  in  an  autocrine  manner,  whereas  in 
38-40%  of  the  cases,  it  would  be  able  to  act  in  a  paracrine 
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Fig.  1.  Invasion  of  T-47D  cells  in  response  to  VEGF  or  heregulin.  Com¬ 
parisons  are  to  medium  alone  (C).  Migrations  were  conducted  on  mem¬ 
branes  coated  with  Matrigel  alone  (left)  or  Matrigel  plus  fibronectin  [right). 


manner.  In  the  studies  presented  here,  we  show  that  VEGF- 
165  is  able  to  stimulate  the  invasion  of  T-47D  breast  cancer 
cells  into  Matrigel.  However,  there  was  no  effect  of  VEGF- 
165  on  T-47D  cell  proliferation.  We  also  show  the  presence 
of  Flk-1/KDR  and  Flt-1  mRNAs  in  a  number  of  breast  cancer 
cell  lines.  Stimulation  of  T-47D  cells  with  VEGF-165  led  to 
tyrosine  phosphorylation  of  multiple  proteins  in  crude  ex¬ 
tracts,  activation  of  ERK1.2  and  also  activation  of  the  PI 
3-kinase  signaling  pathway.  Because  T-47D  cells  are  known 
to  secrete  VEGF  (26),  this  effect  on  T-47D  cells  suggests  a 
possible  autocrine  component  for  VEGF,  leading  to  in¬ 
creased  tumorigenesis. 

Results 

VEGF-165  Stimulation  Leads  to  Increased  Invasion  of 
T-47D  Cells.  It  was  recently  reported  that  VEGF4  modulates 
the  chemotaxis  and  migration  of  endothelial  cells  (20).  In 
addition,  cellular  invasion  of  MCF7  breast  cancer  cells  in 
response  to  heregulin  has  been  shown  to  be  mediated 
through  a  PI  3-kinase-dependent  pathway  (36).  Therefore, 
we  asked  whether  VEGF  signaling  in  T-47D  breast  cancer 
cells  might  also  affect  the  invasion  of  these  cells.  As  is  shown 
in  Fig.  1  (left  panel),  initial  experiments  on  Matrigel  alone 
showed  no  invasion  in  response  to  VEGF-165,  whereas  a 
>2-fold  increase  in  invasion  in  response  to  heregulin  was 
observed.  However,  when  fibronectin  was  added  to  the  Ma¬ 
trigel  coating  on  the  transwell  membrane,  VEGF-165  caused 
an  —2-fold  increase  in  invasion  that  was  -72%  of  the  inva¬ 
sion  observed  in  response  to  heregulin  under  these  condi¬ 
tions  (Fig.  1,  right  panel).  These  results  indicate  that  VEGF- 
165  induced  the  invasion  of  breast  cancer  cells  in  the 
presence  of  fibronectin. 

Breast  Cancer  Cell  Lines  Express  Primarily  Flt-1 
mRNA.  We  tested  for  the  possible  expression  of  VEGF  re¬ 
ceptor  mRNAs  in  human  breast  tumor  and  normal  breast  cell 
lines.  Using  Northern  blotting,  we  analyzed  the  expression  of 
Flt-1,  Flk-1/KDR,  and  Neuropilin-1  mRNAs  in  a  number  of 


4  Notation:  Unless  otherwise  stated,  all  notation  of  VEGF  refers  to  the 
VEGF-165  isoform. 
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Fig.  2.  Northern  blotting  for  (A)  Flt-1 ,  (B)  Flt-1/KDR,  and  (C)  Neuropilin-1 
mRNAs.  Cell  lines  tested  are  indicated  above.  Control  actin  mRNA  probe 
is  shown  in  each  panel.  Densitometry  of  the  Flt-1 ,  Flk-1/KDR,  and  Neu¬ 
ropilin-1  bands  was  normalized  to  the  corresponding  actin  signals. 


ceil  lines.  These  included  SK-BR-3,  T-47D,  MCF7,  MDA-MB- 
231,  and  MDA-MB-453  breast  cancer  lines  as  well  as  an 
HBL-100  nonmalignant  breast  line  and  HUVECs.  As  shown  in 
Fig.  2 A,  all  of  the  breast  cancer  lines  except  SK-BR-3  and 
MCF7  expressed  a  moderate  level  of  Flt-1.  HUVECs  ex¬ 
pressed  a  comparatively  low  level  of  this  mRNA.  HUVECs 
expressed  a  comparatively  high  level  of  Flk-1/KDR,  whereas 
all  of  the  breast  cancer  cells  expressed  low  levels  of  this 
mRNA  (Fig.  2 B).  MDA-MB-231  cells  expressed  a  high  level  of 
Neuropilin-1,  and  MCF7  cells  expressed  a  lower  level  of  this 
mRNA  (Fig.  2C).  Other  breast  cancer  lines  failed  to  express 
Neuropilin-1  mRNA.  These  findings  indicate  that  there  is 
variable  expression  of  VEGF  receptors  (Flt-1 ,  Flk-1/KDR,  and 
Neuropilin-1)  in  breast  cancer.  Although  T-47D  cells  and 
three  other  breast  lines  expressed  primarily  Flt-1 ,  only  one  of 
the  cell  lines  (MDA-MB-231)  expressed  a  high  level  of  Neu¬ 
ropilin-1.  Flk-1/KDR  expression  was  uniformly  low  in  all  of 
the  breast  cell  lines  studied. 

VEGF-165  Binds  to  T-47D  Cells  with  a  Lower  Affinity 
Compared  with  the  Known  VEGF  Receptors.  To  charac¬ 
terize  the  possible  cellular  receptors  for  VEGF  on  breast 
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Fig.  3.  Scatchard  analysis  of  binding  of  125I-VEGF  to  MDA-MB-231  cells 
(A)  and  T-47D  cells  (B).  Lines  Indicate  a  least  square  fit  of  the  data  points. 


cancer  ceils,  we  determined  the  binding  of  125l-labeled  VEGF 
to  either  T-47D  cells  or  to  MDA-MB-231  cells  as  a  control. 
From  Scatchard  analysis  of  this  data  (Fig.  3),  we  calculated 
the  binding  of  VEGF  to  T-47D  cells  as  having  a  Kd  of  ~1 3  X 
10"9  m  and  -0.63  x  105  binding  sites/cell.  Binding  of  VEGF 
to  MDA-MB-231  cells  showed  a  Kd  of  -17.4  x  10"10  m  and 
—1.53  x  105  binding  sites/cell.  Thus,  MDA-MB-231  cells  had 
a  VEGF  binding  that  was  similar  to  that  determined  previ¬ 
ously  by  Sokereta/.  (Ref.  21;  Kd  -2.8  x  10“10  m;  0.95-1.1  x 
105  binding  sites/cell)  reflecting  the  binding  primarily  to  Neu- 
ropilin-1 .  To  confirm  our  binding  data  obtained  for  detached 
cells,  we  repeated  the  experiments  following  more  closely 
the  method  of  Soker  et  al.  (21),  who  determined  binding  to 
cells  on  tissue  culture  wells.  Using  this  method,  we  obtained 
Kd  values  for  VEGF  binding  to  MDA-MB-231  and  T-47D  cells 
that  were  similar  (within  a  factor  of  2-3)  to  the  values  ob¬ 
tained  by  our  method  with  detached  cells  (data  not  shown). 
Waltenberger  ef  al.  (20)  have  characterized  VEGF  binding  to 
Fit-1  to  have  a  Kd  of  1.6  x  10'11  m  and  VEGF  binding  to 
Flk-1/KDR  to  have  a  Kd  of  7.6  x  10“10  m.  Our  experiments 
with  T-47D  cells,  on  the  other  hand,  showed  a  binding  that 
was  lower  in  affinity  as  compared  with  all  of  the  known  VEGF 
receptors. 

VEGF-165  Stimulates  the  Tyrosine  Phosphorylation  of 
a  Number  of  Proteins  in  T-47D  Breast  Cancer  Cells.  We 

next  asked  whether  VEGF  might  have  an  effect  on  the  sig¬ 
naling  of  receptor  tyrosine  kinases  to  intracellular  compo¬ 
nents  in  T-47D  cells.  Thus,  we  stimulated  these  cells  with 
VEGF-165  and  measured  the  changes  in  total  tyrosine  phos¬ 


Fig.  4.  Stimulation  of  T-47D  cells  with  VEGF  and  western  immunoblot- 
ting  of  total  cell  extracts  with  an  anti-phosphotyrosine  antibody. 


Time  (min)  0  2.5  6  8  12  18 


WB:  ocpErk 


WB:  aErk 

Fig.  5.  Stimulation  of  T-47D  cells  with  VEGF  and  Western  immunoblot- 
ting  of  total  cell  extracts  with  anti-phospho-ERK  antibody  {upper  panel). 
Lower  panel  indicates  immunoblotting  with  an  antibody  to  total  ERK  1 
protein. 


phorylation.  When  serum-starved  T-47D  cells  were  treated 
with  100  ng/ml  VEGF-165,  we  found  increased  tyrosine 
phosphorylation  of  a  number  of  proteins  as  shown  by  anti- 
phosphotyrosine  Western  blotting  of  total  cell  extracts  (Fig. 
4).  These  included  proteins  of  molecular  weight  Mr  60,000, 
75,000,  122,000,  and  200,000. 

VEGF-165  Stimulates  the  MAP  Kinases  ERK  1,2  in 
T-47D  Breast  Cancer  Cells.  To  analyze  whether  VEGF 
might  modulate  MAP  kinase  activity  in  the  breast  cancer 
cells,  extracts  from  T-47D  cells  activated  with  VEGF  were 
resolved  on  SDS-PAGE,  and  transfers  were  probed  to  detect 
activation  of  ERK  1,2  (Fig.  5).  We  observed  a  slight  increase 
in  the  phosphorylation  of  ERK  1 ,2  that  was  attributable  to 
VEGF  at  15-20  min.  Blotting  for  total  ERK  1,2  showed  that 
the  differences  seen  were  not  attributable  to  differences  in 
protein  loading. 

VEGF-165  Treatment  Leads  to  Stimulation  of  PI  3- 
kinase  and  Related  Pathways  in  T-47D  Breast  Cancer 
Cells.  Inasmuch  as  PI  3-kinase  has  been  shown  to  be  in¬ 
duced  by  VEGF  in  endothelial  cells  (37),  we  next  determined 
whether  VEGF  also  might  activate  this  pathway  in  breast 
cancer  cells.  PI  3-kinase  activity  was  measured  by  an  in  vitro 
kinase  assay  of  extracts  from  the  VEGF-treated  cells  (Fig.  6 A, 
left  panel).  There  was  a  clear  stimulation  of  phosphatidyli- 
nositol  phosphorylation  by  VEGF  at  5-20  min  (see  arrow). 
There  was  no  phosphorylation  seen  in  the  normal  serum 
control  precipitate.  As  a  control,  we  stimulated  T-47D  cells 
with  heregulin  and  measured  the  PI  3-kinase  activity  (Fig.  6 A, 
right  panel).  This  showed  the  position  of  phosphatidyl  inositol 
3-phosphate  in  the  chromatogram. 

Because  Akt  is  known  to  be  a  down-stream  target  of  PI 
3-kinase  (38),  we  then  measured  Akt  activation  in  VEGF- 
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Fig.  6.  {A)  Stimulation  of  T-47D  cells  with  VEGF  and  assay  for  PI  3-klnase 
{left  pane!).  Right  panel  indicates  the  PI  3-klnase  assay  of  T-47D  cells 
stimulated  with  heregulin.  NS  indicates  normal  serum  control  precipitate. 
(£3)  Stimulation  of  T-47D  cells  with  VEGF  and  immunoblotting  of  extracts 
with  antl-phospho-Ser253  Akt.  (C)  Stimulation  of  T-47D  cells  with  VEGF 
and  immunoblotting  of  extracts  with  anti-phospho-FKH  antibodies.  Below 
each  is  shown  the  corresponding  blotting  of  the  non-phosphorylated 
protein. 


treated  T-47D  cells  by  Western  blotting  using  a  phospho-Akt 
antibody  (Fig.  6B).  VEGF  produced  a  small  but  detectable 
Akt  phosphorylation  signal  that  was  first  seen  at  25  min, 
decreased  at  50  min,  and  reached  basal  levels  by  95  min. 

We  next  tested  for  possible  substrates  of  Akt,  including 
GSK-3,  p70  S6  kinase,  and  FKHRL1.  Whereas  stimulation  of 
GSK-3  was  seen  after  heregulin  treatment,  no  stimulation  of 
GSK-3  was  detectable  after  VEGF  treatment  (data  not 
shown).  No  change  was  seen  in  the  phosphorylation  of  p70 
S6K  at  Thr-421  or  Ser-424  after  either  heregulin  or  VEGF 
treatment  (data  not  shown).  We  then  tested  to  see  if  there 
was  a  change  in  the  phosphorylation  of  FKHRL1 ,  a  Forkhead 
family  member  known  to  be  involved  in  the  transcription  of 
apoptosis-related  proteins  (39-41).  We  saw  increases  in  the 
phosphorylation  of  FKHRL1  at  Ser-253  in  extracts  from  cells 
stimulated  by  VEGF  (Fig.  6C).  A  similar  increase  in  phospho¬ 
rylation  was  also  seen  at  Thr-32  of  FKHRL1  (data  not  shown). 
These  changes  in  FKHRL1  phosphorylation  appeared  to  fol¬ 
low  the  changes  in  Akt  phosphorylation,  indicating  that 
FKHRL1  was  the  substrate  for  Akt  upon  VEGF  stimulation  of 
breast  cancer  cells. 

Taken  together,  the  results  indicate  that  VEGF  induces  the 
activation  of  ERK1 ,2  and  PI  3-kinase  signaling  pathways  in 


breast  cancer  cells,  leading  to  an  increased  invasiveness  of 
the  cells. 

Discussion 

In  this  study,  we  have  presented  results  showing  the  VEGF- 
induced  invasion  and  signaling  in  T-47D  breast  cancer  cells. 
These  studies  demonstrate  the  importance  of  VEGF  in  stim¬ 
ulating  effects  on  breast  tumor  cells  in  contrast  to  its  effects 
on  endothelial  cells.  Our  studies  with  mRNA  expression 
show  that  all  breast  tumor  lines  examined,  except  SK-BR-3, 
expressed  moderate  levels  of  Flt-1  and  lower  levels  of  Flk- 
1/KDR.  Thus,  we  postulate  that  breast  cancer  cell  lines  are 
representative  of  human  breast  tumors  in  terms  of  their  ex¬ 
pressing  VEGF  receptors.  Our  studies  with  T-47D  breast 
cancer  cells  support  the  conclusion  that  these  cells  are  ca¬ 
pable  of  responding  to  VEGF  in  terms  of  changes  in  intra¬ 
cellular  signaling  and  cellular  invasion.  Data  from  our  labo¬ 
ratory5  and  from  other  investigators  (26),  have  shown  that 
T-47D  cells  secrete  VEGF  at  the  levels  that  are  required  for 
this  stimulation.  Thus,  we  postulate  that,  in  many  breast 
cancers,  the  elements  are  present  for  stimulation  of  an  au¬ 
tocrine  mechanism  leading  to  increased  cell  invasion. 

We  tested  to  see  if  VEGF  receptors  other  than  Flt-1  and 
Flk-1/KDR  might  account  for  the  signaling  in  the  breast  can¬ 
cer  cells.  By  Northern  blotting,  the  VEGF  receptor  Neuropi- 
lin-1  was  seen  to  be  expressed  in  two  of  the  breast  cancer 
cell  lines,  MDA-MB-231  and  MCF7  cells.  MDA-MB-231  cells 
contain  the  highest  level  of  Neuropilin-1,  but  VEGF  fails  to 
stimulate  tyrosine  phosphorylation  or  ERK  1,2  activation.6 
Thus,  it  is  unlikely  that  Neuropilin-1  is  involved  in  the  effects 
that  we  have  seen  in  T-47D  cells.  Our  Northern  blotting  of 
breast  cancer  cell  lines  showing  the  presence  of  Flt-1  and 
Flk-1/KDR  are  consistent  with  the  finding  of  Speirs  and  Atkin 
(42),  who  found  that  these  receptors  were  present  in  human 
breast  cancer  tumor  epithelial  cells.  It  was  similarly  shown  by 
De  Jong  et  a/.  (35)  that  in  nearly  50%  of  the  breast  tumors, 
there  was  significant  expression  of  Flt-1  and  Flk-1/KDR  in  the 
tumor  epithelial  cells,  correlating  with  the  expression  of 
VEGF  by  these  cells.  These  investigators  postulated  that 
VEGF  secreted  by  these  epithelial  cells  could  have  both 
autocrine  and  paracrine  roles.  The  paracrine  mechanism  for 
this  action  is  likely  to  be  through  the  stimulation  of  endothe¬ 
lial  cells,  leading  to  a  development  of  the  neovasculature 
(17-19,  22).  However,  the  mechanism  for  the  autocrine  ac¬ 
tion  of  VEGF  on  the  epithelial  cells  of  the  tumors  has  not  been 
characterized.  On  the  basis  of  the  results  presented  here,  we 
propose  that  VEGF  acts  in  an  autocrine  manner  by  stimulat¬ 
ing  signaling,  leading  to  cellular  invasion  in  breast  cancer 
epithelial  cells.  The  cellular  signaling  in  T-47D  cells  stimu¬ 
lated  by  VEGF  leads  to  the  stimulation  of  ERK1,2  and  PI 
3-kinase  pathways.  Stimulation  of  the  PI  3-kinase  pathway  in 
particular  is  often  related  to  cellular  invasion.  As  mentioned 
above,  MCF7  breast  cancer  cells  are  known  to  migrate  in 
response  to  heregulin  through  a  PI  3-kinase-mediated  proc¬ 
ess  (36).  We  have  observed  the  invasion  of  T-47D  cells  in 


5  D.  J.  Price,  H.  Kawai,  and  H.  Avraham,  unpublished  results. 

6  D.  Price,  unpublished  data. 
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response  to  VEGF  only  when  fibronectin  is  present  on  the 
transwell  membrane.  This  is  an  indication  that  both  the 
growth  factor,  VEGF,  and  the  extracellular  matrix  compo¬ 
nent,  fibronectin,  are  important  in  potentiating  the  invasion  of 
the  tumor  cells.  Fibronectin  is  known  to  contain  binding 
domains  that  interact  with  cell  surface  heparan  sulfate  pro¬ 
teoglycans  to  promote  focal  adhesions  and  stress  fiber  for¬ 
mation  (43).  Heparan  sulfate  is  known  to  potentiate  the  bind¬ 
ing  of  VEGF  to  its  receptors  (31).  It  may  be  that  fibronectin, 
in  conjunction  with  heparan  sulfate  proteoglycans,  also  leads 
to  an  increased  interaction  of  VEGF  with  its  receptor.  Thus, 
fibronectin,  in  cooperation  with  VEGF,  appears  to  provide  the 
signaling  that  is  required  for  cellular  invasion,  whereas  VEGF 
alone  is  unable  to  stimulate  this  process. 

To  date,  we  have  no  indication  that  other  cellular  functions 
might  be  stimulated  in  these  cells,  leading  to  increased  tu- 
morigenesis.  There  appeared  to  be  little  effect  on  cell  survival 
or  proliferation  upon  VEGF  treatment  of  the  T-47D  cells  (data 
not  shown).  Although  phosphorylation  of  the  Forkhead  tran¬ 
scription  factor  is  often  connected  with  effects  on  the  Fas 
ligand  leading  to  cell  survival  (41),  there  may  be  other  func¬ 
tions  of  this  pathway.  Another  important  question  raised  by 
these  results  is  whether  or  not  the  endogenously  secreted 
VEGF  is  sufficient  to  stimulate  the  effects  that  we  have  ob¬ 
served.  As  noted  above,  we  and  other  investigators  have 
shown  that  VEGF  is  secreted  by  the  T-47D  cells.  An  argu¬ 
ment  that  could  be  made  about  the  significance  of  the  effect 
of  VEGF  on  tumor  cells  is  that  because  the  tumor  is  secreting 
VEGF,  there  may  be  a  higher  local  concentration  of  VEGF 
relative  to  other  growth  factors.  Thus,  in  vivo,  the  effect  of 
VEGF  on  the  invasion  of  these  cells  may  be  much  greater  as 
compared  with  the  effects  of  other  growth  factors  that  are 
present  at  subthreshold  concentrations. 

In  summary,  VEGF  stimulated  the  increased  invasion  of 
T-47D  cells  through  Matrigel/fibronectin-coated  mem¬ 
branes.  Northern  analysis  showed  the  expression  of  primarily 
the  VEGF  receptor,  Flt-1,  in  a  variety  of  breast  cancer  cell 
lines.  However,  binding  of  125l-labeled  VEGF  to  T-47D  cells 
indicated  an  affinity  that  was  lower  than  that  expected  for  the 
known  VEGF  receptors,  suggesting  the  possibility  of  an  as- 
yet  unidentified  VEGF  receptor  in  these  cells.  VEGF  stimu¬ 
lated  signaling  in  T-47D  breast  cancer  cells  through  the  PI 
3-kinase/Akt  pathway  and  also  through  the  ERK  1 ,2  path¬ 
way.  This  observation  may  indicate  an  effect  of  VEGF  on 
tumorigenicity  independent  of  its  effects  on  the  vasculature. 
Future  studies  will  be  aimed  at  characterizing  the  in  vivo 
significance  of  VEGF  signaling  in  the  tumor  cells  as  com¬ 
pared  with  its  signaling  in  endothelial  cells. 

Materials  and  Methods 

Materials.  Antibodies  used  in  immunological  analysis  were 
as  follows:  anti-phosphotyrosine  antibody  (PY99),  phospho- 
ERK  (E-4)  antibody,  anti-ERK  1  (K-23),  anti-Flk-1  (N-931), 
and  horseradish  peroxidase-labeled  secondary  antibodies 
were  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA).  Anti- 
Akt,  and  anti-phospho-Ser-473  Akt  antibodies  were  from 
New  England  Biolabs  (Beverly,  MA).  Anti-Flt-1,  anti-phos- 
pho-Ser-253  FKH,  and  anti-phospho-Thr-32  FKH  antibodies 
were  from  Upstate  Biotechnology,  Inc.  (Lake  Placid,  NY). 


LY294002  was  from  Sigma  Chemical  Co.  (St.  Louis,  MO). 
VEGF-165  and  heregulin  were  a  generous  gift  of  Genentech 
(San  Francisco,  CA).  y32P-ATP  and  a32P-CTP  were  from 
New  England  Nuclear  (Boston,  MA).  All  other  chemicals  were 
from  Fisher  Scientific  (Norcross,  GA),  unless  otherwise 
noted. 

Cell  Culture.  T-47D  cells  were  an  estrogen  receptor¬ 
positive  clone  provided  by  lafa  Keydar,  Tel  Aviv  University 
(Ramat  Aviv,  Israel).  These  cells  were  cultured  in  RPM1 1640 
(Life  Technologies,  Inc.,  Bethesda,  MD)  supplemented  with  7 
fi g/ml  insulin,  10%  fetal  bovine  serum  (Life  Technologies, 
Inc.),  and  penicillin/streptomycin.  MCF7  cells  (American 
Type  Culture  Collection,  Rockville,  MD)  were  grown  in  MEM 
(Life  Technologies,  Inc.)  supplemented  with  1  mw  sodium 
pyruvate,  0.1  itim  nonessential  amino  acids,  10  /xg/ml  insulin, 
10%  fetal  bovine  serum,  and  penicillin/streptomycin.  MDA- 
MB-231  and  MDA-MB-453  (American  Type  Culture  Collec¬ 
tion)  were  grown  in  DMEM  supplemented  with  10%  fetal 
bovine  serum,  0.2  mM  glutamine,  and  penicillin/streptomycin. 
HUVECs  were  from  Clonetics  (San  Diego,  CA)  and  were 
cultured  in  EGM  complete  medium  (Clonetics).  HBL-100 
(American  Type  Culture  Collection)  were  cultured  in  McCoy’s 
5a  medium  supplemented  with  10%  fetal  bovine  serum  and 
penicillin/streptomycin. 

lodination  of  VEGF-165.  125l-labeled  VEGF-165  was  pre¬ 
pared  using  IODO-GEN,  as  described  previously  (31).  The 
protein  was  separated  from  free  iodine  by  heparin  Sepharose 
affinity  adsorption  (Amersham-Pharmacia  Biotech,  Piscat- 
away,  NJ)  and  elution  with  0.8  m  NaCI.  Specific  activity  of  the 
125l-labeled  VEGF-165  was  -100,000  cpm/ng  protein. 

Binding  of  VEGF-165  to  Cells.  For  quantification  of  the 
binding  of  125l-labled  VEGF-165  to  cells,  the  cells  were  de¬ 
tached  briefly  with  trypsin/EDTA,  washed  in  full  medium, 
then  suspended  in  binding  buffer  [20  mM  MOPS  (pH  7.4)/2 
mM  MgCI2/140  mM  NaCI,  and  0.2%  gelatin/2  mg/ml  glucose). 
Cells  were  then  incubated  with  a  range  of  concentrations  of 
VEGF-165  containing  a  fixed  amount  of  125l-labled  VEGF- 
165  in  binding  buffer  at  a  final  concentration  of  1  x  105 
cells/ml  on  ice.  Aliquots  of  0.15  ml  were  pipetted  onto  a  0.9 
cushion  of  fetal  bovine  serum.  After  centrifugation  in  a  mi¬ 
crocentrifuge  (5  min;  7.5  x  1000  rpm),  tubes  were  frozen  on 
dry  ice.  The  cell  pellet  was  isolated  by  clipping  the  tip  of  the 
tube  with  a  canine  toenail  clipper.  Bound  (pellet)  and  free 
(supernatant)  counts  were  quantified  in  a  Beckman  gamma 
counter.  Kd  values  and  the  number  of  binding  sites/cell  were 
calculated  from  Scatchard  plots  (44)  by  doing  a  least  square 
fit  of  the  data  using  the  Microsoft  Excel  program. 

Immunoprecipitations  and  Western  Analysis.  After 
growth  factor  stimulation,  cells  were  lysed  in  20  mM  Tris-HCI 
(pH  7.4)/1 50  mM  NaCI/1%  NP-40/0.25%  deoxycholate/1  mM 
Na3V04/1  mM  EGTA  and  a  cocktail  of  protease  inhibitors 
(Complete,  EDTA-free;  Roche,  Indianapolis,  IN).  Protein  was 
normalized  by  Bio-Rad  protein  assay  (Bio-Rad,  Hercules, 
CA),  and  lysates  were  precipitated  overnight  with  the  addi¬ 
tion  of  1  fig  of  the  specified  antibody.  The  next  day,  protein 
G-Sepharose  (Pierce,  Rockford,  IL)  was  added  and  the  pre¬ 
cipitates  were  washed  3  times  with  lysis  buffer.  Precipitates 
were  treated  with  SDS-sample  buffer  and  run  on  polyacryl¬ 
amide  gels,  followed  by  transfer  to  nitrocellulose  membranes 
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(Bio-Rad).  Membranes  were  immunoblotted  with  primary  an¬ 
tibodies  as  indicated  in  the  figure  legends,  and  with  the 
appropriate  horseradish  peroxidase-linked  secondary  anti¬ 
bodies,  before  chemiluminescent  development  and  expo¬ 
sure  to  X-ray  film. 

PI  3-kinase  Assay.  Assay  of  PI  3-kinase  was  carried  out 
after  growth  factor  stimulation  of  cells  and  precipitation  of 
lysates  by  PY99  antibody/Protein  G-Sepharose.  Precipitates 
were  subjected  to  an  in  vitro  kinase  reaction  using  y^P-ATP 
and  phosphatidylinositol  (Sigma  Chemical  Co.)  as  sub¬ 
strates,  according  to  Derman  etal .  (45).  32P-labeled  samples 
were  applied  to  oxalate-coated  cellulose/acetate  plates  and 
subjected  to  chromatographic  separation  (solvent,  CHCI3: 
methanof:H20:NH4OH  [60:47:1 1 .3:2]). 

Northern  Analysis.  mRNAs  were  isolated  from  cellular 
extracts  by  oligo(dT)  chromatography  using  a  kit  (Invitrogen, 
Carlsbad,  CA)  according  to  the  manufacturer’s  directions. 
mRNAs  were  separated  on  an  agarose  gel  and  transferred  to 
a  Hybond  N  membrane  (Amersham  Pharmacia  Biotech).  The 
membrane  was  hybridized  with  probes  to  Flt-1,  Flk-1/KDR, 
and  Neuropilin-1  (a  generous  gift  of  Dr.  Michael  Klagsbrun, 
Children’s  Hospital,  Boston,  MA).  Blots  were  prehybridized 
for  4  h  at  42°  in  50%  formamide/5x  SSC-lOx  Denhardts/ 
0.3%  SDS/100  /xg/ml  ssDNA/10  fig/ml  yeast  tRNA.  Specific 
32P-labeled  probe  DNA  was  added,  and  the  incubation  was 
continued  for  4  h  at  42°.  The  blots  were  washed  twice  in  2x 
SSC-1%  SDS  at  room  temperature,  and  then  in  0.2x  SSC- 
0.1%  SDS  at  42°  followed  by  0.2x  SSC-0.1%  SDS  at  60°. 
After  washing,  the  blots  were  then  exposed  to  X-ray  film. 
Blots  were  also  stripped  and  reprobed  for  actin  mRNA  as  a 
control. 

Invasion  Assay.  Transwell  membranes  (8-/uxn  pore  size, 
6.5-mm  diameter;  Corning  Costar  Corporation,  Cambridge, 
MA)  were  coated  with  Matrigel  (2.5  mg/ml)  or  Matrigel  plus 
fibronectin  (2.5  mg/ml),  and  dry  coatings  were  reconstituted 
in  DMEM  for  1-2  h  before  cell  passage.  Cells  were 
trypsinized,  centrifuged,  and  resuspended  at  ~107/ml  in 
DMEM  containing  0.2%  BSA.  Cells  were  seeded  onto  the 
upper  wells  of  precoated  transwells  in  the  same  medium 
alone  [control  or  in  medium  supplemented  with  HRG  (20  nwi)] 
or  VEGF-165  (100  ng/ml).  Lower  wells  of  the  transwells  con¬ 
tained  600  ptl  of  DMEM  and  0.2%  BSA.  After  24  h,  mem¬ 
branes  were  swabbed  with  a  Q-tip,  fixed  with  methanol,  and 
stained  with  crystal  violet  before  counting  under  phase- 
contrast  microscopy. 
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VEGF165  requires  extracellular  matrix  components  to  induce  mitogenic 
effects  and  migratory  response  in  breast  cancer  cells 
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The  expression  of  VEGF  and  the  relapse-free  survival 
rate  of  breast  cancer  patients  are  inversely  related.  While 
VEGF  induces  the  proliferation  and  migration  of 
vascular  endothelial  cells,  its  function  in  breast  cancer 
cells  is  not  well  studied.  We  reported  previously  that 
fibronectin  increased  VEGF-dependent  migration  in 
breast  cancer  cells.  Since  VEGF  has  an  extracellular 
matrix  (ECM)-binding  domain  and  possesses  binding 
affinity  for  heparin,  we  sought  to  determine  the  effects  of 
VEGF  in  breast  cancer  cells  and  the  role  of  heparin  and/ 
or  fibronectin  in  VEGF-induced  signaling.  Cells  grown 
on  plastic  were  compared  to  those  grown  on  fibronectin 
or  to  those  grown  on  plastic  in  the  presence  of  heparin, 
and  analysed  for  intracellular  signaling,  proliferation  and 
migration  in  response  to  VEGFigs.  Both  heparin  and 
fibronectin  enhanced  the  binding  of  VEGF  to  T47D  cells. 
After  treatment  with  VEGF,  pH]thymidine  incorpora¬ 
tion,  c -fos  induction,  and  the  number  of  migrating  cells 
were  significantly  higher  (~  twofold)  in  cells  grown  on 
fibronectin  or  in  cells  grown  on  plastic  in  the  presence  of 
heparin  when  compared  to  those  grown  on  plastic  only. 
Likewise,  tyrosine  phosphorylation  of  VEGF  receptors, 
MAPK  activity  and  PI3-kinase  activity  were  all  several¬ 
fold  higher  in  cells  seeded  on  fibronectin  or  in  the 
presence  of  heparin  as  compared  to  cells  exposed  to 
VEGF  alone.  VEGF-dependent  c -fos  induction  was 
found  to  be  regulated  through  a  MAPK-dependent,  but 
PI3-kinase-independent  pathway.  In  contrast,  the  migra¬ 
tion  of  T47D  cells  in  response  to  VEGF,  in  the  presence 
of  ECM,  was  regulated  through  PI3-kinase.  Therefore, 
VEGF  requires  ECM  components  to  induce  a  mitogenic 
response  and  cell  migration  in  T47D  breast  cancer  cells. 
Oncogene  (2001)  20,  5511-5524. 
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Introduction 

Vascular  endothelial  growth  factor  (VEGF)  is  angio¬ 
genic  in  vitro  (Pepper  et  al. ,  1992)  and  in  vivo  (Plouet  et 
al.,  1989)  by  inducing  the  proliferation  (Yu  and  Sato, 
1999)  and  migration  (Radisavljevic  et  al.,  2000)  of 
vascular  endothelial  cells.  VEGF  is  produced  in 
numerous  cell  types  such  as  tumor  cells,  smooth 
muscle  cells,  mesangial  cells,  macrophages,  and  osteo¬ 
blasts  (Klagsbrun  and  D’Amore,  1996).  It  is  a 
homodimer  (Gospodarowicz  et  al.,  1989)  that  occurs 
in  five  isoforms,  specifically:  VEGFm,  VEGF145, 
VEGF165,  VEGF j  gg  and  VEGF206,  as  a  result  of 
alternative  splicing  from  a  single  gene  (Houck  et  al., 
1991).  Of  these,  VEGF12i  and  VEGFi65  are  the  most 
abundant  and  potent  isoforms  (Bacic  et  al,  1995). 
While  VEGF12,  lacks  an  ECM-binding  domain  and  is 
secreted  only  in  medium,  VEGF  i  gs  is  found  to  be  both 
cell-associated  and  secreted  in  medium  (Park  et  al., 
1993). 

Fit- 1 ,  Flk-l/KDR  and  Flt-4  belong  to  the  family  of 
VEGF  receptors  (Shibuya  et  al.,  1999).  All  three 
receptors  have  an  extracellular  domain  containing 
seven  immunoglobulin-like  loops  and  an  intracellular 
domain  characterized  by  split  tyrosine  kinase 
motifs  (Shibuya  et  al.,  1999).  Upon  activation,  the 
phosphorylated  tyrosines  act  as  docking  sites  for 
adaptor-signaling  molecules  and  non-receptor  kinases 
(Dougher-Vermazen  et  al.,  1994),  thereby  generating 
signaling  cascades  such  as  MAPK  (Malarkey  et  al., 
1995)  and  PI3K/Akt  (Guo  et  al.,  1995). 

VEGF  and  the  fibroblast  growth  factor  (FGF)  group 
of  growth  factors  are  characterized  by  their  binding 
affinity  for  heparin  (Folkman  and  Klagsbrun,  1987; 
Tischer  et  al.,  1989).  Such  binding  affinity  was  shown 
to  have  a  biological  effect,  enabling  a  productive 
interaction  between  the  growth  factor  and  its  cell- 
surface  receptors  (Taga  et  al.,  1989;  Yayon  et  al., 
1991).  Heparinase  treatment  of  endothelial  cells 
inhibited  endothelial  cell  proliferation  and  in  vivo 
neovascularization  (Sasisekharan  et  al.,  1994),  empha¬ 
sizing  the  role  of  heparin-like  molecules  in  angiogen¬ 
esis.  In  some  cell  types,  the  presence  of  heparin-like 
molecules  is  essential  for  the  binding  of  b-FGF  to  its 
receptors  (Rapraeger  et  al.,  1991;  Yayon  et  al.,  1991), 
thereby  protecting  b-FGF  from  heat  and  acidic 
inactivation  (Gospodarowicz  and  Cheng,  1986).  The 
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interaction  of  VEGF  with  heparin  is  more  modest  as 
compared  to  that  of  b-FGF  (Taga  et  al.,  1989;  Yayon 
et  ctl.,  1991),  and  is  comparable  to  the  modest  affinity 
shown  by  PDGF,  a  member  of  the  same  group  of 
growth  factors  (Hicks  et  ctl.,  1989).  Although  having  a 
relatively  weak  interaction  with  VEGF,  heparin  and 
heparan  sulfate  proteoglycans  (HSPGs)  are  able  to 
enhance  the  interaction  of  VEGF  with  its  receptors 
(Gengrinovitch  et  ctl.,  1999).  The  binding  of  VEGF  to 
its  cell-surface  receptors  was  restored  by  the  addition 
of  heparin  after  the  concentration  of  heparin-like 
molecules  on  the  cell  surface  was  reduced  by 
heparinase  treatment  (Gengrinovitch  et  ctl.,  1999; 
Gitay-Goren  et  ctL,  1992).  However,  the  binding  of 
VEGF, 21,  a  truncated  variant  that  lacks  a  heparin¬ 
binding  domain,  could  not  be  restored  by  the  addition 
of  heparin-like  molecules  (Cohen  et  ctl.,  1995). 

Breast  cancer  cells  express  both  VEGF  (Blancher  et 
at.,  2000;  Price  et  ctl,  2001)  and  VEGF  receptors 
(Price  et  ctl,  2001;  Soker  et  ctl.,  1996).  Heparin/ 
HSPGs  were  shown  to  enhance  and  stabilize  the 
binding  of  VEGF  to  its  receptors  in  endothelial  and 
breast  cancer  cells  (Gitay-Goren  et  ctl.,  1992;  Soker  et 
al.,  1996).  However,  none  of  the  previous  studies 
have  shown  whether  the  enhanced  binding  of  VEGF 
to  its  receptors  is  associated  with  functional  responses 
in  breast  cancer  cells.  Only  cells  passaged  on  a 
membrane  coat  containing  fibronectin  responded  to 
VEGF  by  increased  migration  (Price  et  al.,  2001). 
Fibronectin  (Ruoslahti,  1991)  and  heparin  (Halper, 

1990)  bind  to  the  cell  surface  through  receptors  and 
high  affinity  sites,  respectively.  VEGF  (Cardin  and 
Weintraub.  1989),  VEGF-receptors  (Dougher  et  al., 
1997),  and  fibronectin  (Ruoslahti  et  al.,  1981)  possess 
a  highly  basic  region  that  confers  strong  affinity  for 
heparin.  Furthermore,  heparin  and  HSPGs  enhance 
the  binding  of  VEGF  to  its  receptors  (Gitay-Goren  et 
a/.,  1992)  and  are  necessary  for  the  biological  actions 
of  b-FGF  (Rapraeger  et  al.,  1991;  Yayon  et  al., 

1991) .  Therefore,  we  hypothesize  that  T47D  cell 
responsiveness  to  VEGF  might  require  the  involve¬ 
ment  of  extracellular  matrix  components.  This  study 
was  undertaken  to  examine  the  effects  of  ECM 
components,  fibronectin  and  heparin,  on  the  biologi¬ 
cal  responsiveness  of  T47D  breast  cancer  cells  to 

vegf165. 
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Figure  1  Heparin  and  fibronectin  affect  the  VEGF-induced 
migration  of  T47D  cells.  Cells  were  suspended  in  DMEM 
containing  0.2%  BSA  and  seeded  onto  transwell  membranes 
prccoatcd  cither  with  matrigcl  (MTR)  or  with  a  mix  of  matrigcl 
and  fibronectin  (MTR  +  FN),  as  indicated  in  Materials  and 
methods,  (a)  In  the  moment  of  passage,  the  cell  suspension 
contained  only  BSA  (control),  heparin  (H).  HRG.  VEGF,^ 
(VEGF),  VEGF  +  H.  VEGF121  or  VEGF121  +  H.  The  number  of 
migrating  cells  was  counted  under  a  phase-contrast  microscope 
after  swabbing  the  membrane  coat  and  staining  the  remaining 
cells  with  crystal  violet,  (b)  Cells  were  pretreated  for  30  min  with 
kinase  inhibitors  such  as  gcnistcin  (GEN).  PD98059  (PD),  U0126 
(U),  or  LY294002  (LY)  prior  to  cel!  detachment  or  plus  blocking 
anti-/?!  integrin  or  anti-x6  integrin  antibodies,  in  the  presence  of 
heparin  (H)  and  VEGF.  The  effect  of  the  inhibitors  on  the  cells 
was  compared  to  that  of  cells  treated  only  with  heparin  (H)  or 
with  VEGF  in  the  presence  of  heparin*  (VEGF+H).  Values 
represent  the  means ±s.d.  of  triplicate  wells  from  three 
independent  experiments 


Results 

Effect  of  fibronectin  and  heparin  on  T47D  cell  migration 

We  reported  recently  the  increased  migration  of  breast 
cancer  cells  upon  their  stimulation  with  VEGF,65,  in 
the  presence  of  fibronectin  (Price  et  al.,  2001).  This 
observation  was  further  confirmed  in  the  present  study, 
where  VEGF  increased  T47D  cell  migration  from 
35  +  14  cells  on  Matrigel  to  88  +  2  cells  in  the  presence 
of  fibronectin  (Figure  la).  Because  VEGF,65  is 
characterized  by  an  extracellular  matrix-binding’  do¬ 
main  and  by  its  binding  affinity  for  heparin,  we  wanted 


to  extend  this  study  and  test  whether  this  polyanion 
would  also  affect  the  VEGF|65-induced  migration  of 
breast  cancer  cells. 

Migration  of  T47D  cells  was  tested  in  24-well  plates 
containing  transwell  membranes  coated  with  matrigel 
or  matrigel  +  fibronectin.  Approximately  30  to  40  ceils 
migrated  onto  transwell  membranes  in  the  control  wells 
or  in  wells  treated  with  heparin  alone  (Figure  la,b). 
When  cells  were  treated  with  heregulin^a  known 
stimulator  of  breast  cancer  cell  migration,  104+11 
cells  migrated  onto  the  transwell  membrane.  Upon 
stimulation  with  VEGF,  cells  seeded  on  matrigel  alone 
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migrated  in  approximately  the  same  numbers  as  cells  in 
control  wells  (Figure  la).  The  migration  rate  of  VEGF- 
stimulated  cells  was  significantly  increased  to  78  ±4  by 
the  addition  of  heparin  in  the  moment  of  cell  passage 
(Figure  la).  Addition  of  fibronectin  to  the  matrigel 
coat  further  increased  the  number  of  migrating  cells 
after  treatment  with  heregulin,  VEGF  or  VEGF  plus 
heparin  to  122  +  8,  88±2  and  101  +  10,  respectively 
(Figure  la).  As  we  showed  previously,  the  addition  of 
fibronectin  did  not  affect  the  migration  of  nontreated 
cells  or  cells  treated  with  heparin  alone.  The  number  of 
migrating  cells  was  not  increased  either  upon  treatment 
with  VEGF12i  alone  or  VEGF12i  in  the  presence  of 
heparin  (1  /ig/ml)  on  both  protein  coatings  (Figure  la), 
suggesting  the  requirement  for  an  ECM-binding 
domain  of  this  growth  factor.  To  elucidate  the 
mechanism  and  signaling  pathway  that  regulates  this 
migration  in  T47D  cells,  cells  were  pretreated  with 
genistein,  PD98059,  U0126,  or  LY294002  prior  to 
detachment,  or  with  blocking  anti-jSi  or  blocking  anti- 
oc6  integrin  antibodies  prior  to  treatment  with  VEGF  in 
the  presence  of  heparin  (Figure  lb).  In  the  presence  of 
heparin  and  VEGF,  178+18  cells  migrated  to  the 
membrane.  This  migration  was  decreased  by  approxi¬ 
mately  50%  after  pretreatment  with  PD98059,  U0126, 
or  with  blocking  anti-/?!  integrin  antibody,  while 
blocking  anti-X(,  integrin  did  not  have  a  significant 
effect  (Figure  lb),  indicating  a  partial  involvement  of 
/?!  integrin  in  this  process.  When  cells  were  pretreated 
with  genistein  or  LY294002,  the  VEGF-induced 
migratory  response  was  totally  abolished  (being 
49±  1 1  and  67 ±9,  respectively,  Figure  lb),  suggesting 
its  dependence  on  both  tyrosine  kinase  and  PI3K. 

Heparin  and  fibronectin  affect  VEGF  binding  to  T47D 
breast  cancer  cells 

Heparin  has  been  shown  to  enhance  the  binding  and  to 
stabilize  the  complex  between  VEGF  and  its  receptors 
in  endothelial  cells  and  MDA-MB-231  breast  cancer 
cells  (Gitay-Goren  et  al.,  1992;  Soker  et  al.,  1996).  To 
test  whether  heparin  and/or  fibronectin  would  affect 
VEGF  binding  to  T47D  cells,  we  radiolabeled  VEGF 
with  [125I],  The  l25I-VEGF  was  then  added  to  the  T47D 
cells  and  processed  for  [125I]  recovery  either  after  cross- 
linking  (Figure  2a)  or  binding  (Figure  2b)  to  these 
cells.  In  the  presence  of  heparin  (1  /rg/ml),  enhanced 
binding  and  cross-linking  of  125I-VEGF  to  T47D 
cells  was  observed  as  compared  to  cells  treated  with 
125I-VEGF  alone  (824  +  69  c.p.m.  VEGF  vs  1306  + 
92  c.p.m.  VEGF  +  heparin  (H),  P<0.01,  Figure  2a  and 
2b).  When  cells  were  seeded  on  fibronectin,  an  increase 
in  125I-VEGF  binding  was  observed  (1473  +  102  c.p.m., 
VEGF  on  FN  vs  824  +  69  c.p.m.,  VEGF  on  PL).  The 
highest  recovery  of  l25I  was  found  when  heparin  was 
present  together  with  fibronectin,  suggesting  a  stronger 
effect  of  heparin  in  this  process  (1794  +  98  c.p.m.).  The 
binding  of  125I-VEGF  to  T47D  cells  was  specific 
because  the  addition  of  a  20-fold  excess  of  nonlabeled 
VEGF  almost  completely  inhibited  formation  of  the 
labeled  complex  on  both  surfaces  (302  +  37  c.p.m., 
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Figure  2  Heparin  and  fibronectin  enhance  binding  of  VEGF  to 
T47D  cells.  T47D  cells  were  grown  to  confluency  either  in  6-cm 
plates  (a)  or  in  24-well  plates  (b),  washed  with  PBS  and  treated 
with  ,25I-VEGF  for  4  h  in  an  ice-cold  environment,  (a)  Cells 
seeded  on  plastic  (lanes  1  and  2)  or  on  fibronectin  (lanes  3  and  4) 
were  treated  with  125I-VEGF  alone  (lanes  1  and  3)  or  with  125I- 
VEGF  in  the  presence  of  heparin  (H,  lanes  2  and  4,  1  /ig/ml). 
After  cross-linking  the  bound  125I-VEGF,  cells  were  scraped  as 
described  in  Materials  and  methods  and  subjected  to  SDS- 
PAGE  followed  by  autoradiography.  Molecular  weight  markers 
are  indicated  to  the  right,  (b)  Cells  seeded  on  plastic  (PL)  or 
fibronectin  (FN)  were  treated  with  ,25I-VEGF  alone,  with  125I- 
VEGF  in  the  presence  of  heparin  (VEGF  +  H),  or  in  the  presence 
of  20-times  excess  of  unlabeled  VEGF  (VEGF  +  VEGF).  Cells 
were  then  washed  with  ice-cold  PBS  and  processed  for  recovery  of 
bound  125I  radioactivity  as  described  in  Materials  and  methods. 
‘O’  indicates  background  radioactivity  recovered  from  non-treated 
cells.  Autoradiograph  and  values  represent  the  mean  +  s.d.  of  two 
independent  experiments 


VEGF  +  VEGF  on  PL;  296+45  c.p.m.,  VEGF  +  VEGF 
on  FN,  Figure  2b). 

Effect  of  ECM  on  the  VEGF-dependent  mitogenic 
response  in  T47D  cells 

Since  fibronectin  and/or  heparin  increased  T47D  cell 
migration  in  response  to  VEGF  and  enhanced  the 
binding  of  VEGF  to  T47D  cells,  we  analysed  the  effect 
of  ECM  components  on  cell  proliferation.  To  study  the 
effect  of  substratum  on  mitogenic  response,  the 
incorporation  of  [3H]thymidine  into  DNA  was  mea¬ 
sured  during  a  1  h  labeling  period  following  the  release 
of  cells  from  quiescence.  Serum-starved  T47D  cells 
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become  synchronized  and  begin  to  proliferate  uni¬ 
formly  when  fed  with  FBS  or  growth  factors  (Kodali  el 
al.,  1994).  Heregulin  is  a  potent  mitogen  for  breast 
cancer  cells  (Lupu  el  al.,  1995;  Normanno  el  al.,  1994), 
and  it  was  used  in  addition  to  FBS  and  EGF 
throughout  this  study  for  comparison  analysis  to 
VEGF .  Untreated  T47D  cells  showed  very  low 
['HJthymidine  incorporation  (3204  +  480  c.p.m.),  repre¬ 
senting  the  basal  level  of  DNA  synthesis  that  is  marked 
as  100%  (Figure  3a).  After  treatment  with  heregulin 
(20  nM),  cells  grown  on  plastic  slowly  increased  their 
incorporation  of  [’HJthymidine,  which  peaked  between 
16  and  20  h  (18  h  =  243+ 19%)  indicative  of  the 
progression  through  S  phase.  Cells  grown  on  fibro- 
nectin  did  not  significantly  affect  heregulin-induced 
DNA  synthesis.  When  cells  grown  on  plastic  were 
treated  with  VEGF,  no  change  in  DNA  synthesis  was 
observed  as  compared  to  that  of  untreated  cells  during 
the  course  of  24  h  (100+12%;  /  =  0  vs  1 17 ± 22%; 
l=  18  h,  N.S.).  However,  cells  seeded  on  fibronectin 
responded  to  VEGF  by  a  2.5-fold  increase  of 


Figure  3  Fibronectin  and  heparin  affect  VEGF-dcpcndent  DNA 
synthesis  in  T47D  cells.  T47D  cells  seeded  onto  plastic  (PL)  or 
fibronectin  (FN)-coated  24-well  plates  were  starved  and  treated 
either  with  VEGF,  heregulin  (HRG)  or  FBS  (10%).  Cells  were 
then  processed  for  determination  of  incorporated  radioactivity  as 
described  in  Materials  and  methods,  (a)  Cells  seeded  on  PL  (O. 
□)  or  on  FN  (•,  ■)  were  treated  with  VEGF  (O,  •)  or  HRG 
(□’  B)  f°r  •he  indicated  times.  Values  are  expressed  as  the  means 
(%)±s.d.  of  control,  non-treated  cells  (taken  as  100%).  from 
quadruplicate  wells  of  three  separate  experiments,  (b)  Cells  were 
seeded  on  plastic  (PL),  fibronectin  (FN),  Matrigcl  (MTR), 
collagen  types  I  and  IV  (COL-1,  COL-4)  and  poly-L  lysine 
(POL-L),  treated  with  VEGF  (100  ng/ml),  and  processed  for 
determination  of  the  incorporated  radioactivity  at  peak  value 
(18  h,  see  Figure  3a)  and  compared  to  non  treated  cells  (control) 


[’HJthymidine  uptake,  over  quiescent  cells,  at  the  peak 
of  DNA  synthesis  (242 ±  1 1  %;  /  =  18  vs  100±26%, 
f  =  0;  /><0.01,  Figure  3a). 

To  address  the  specificity  of  the  fibronectin  effect  on 
the  mitogenic  response,  cells  were  seeded  on  several 
other  ECM  components.  At  peak  incorporation  (18  h), 
the  effect  of  matrigel,  collagen  types  I  and  IV  and  poly- 
L-lysine,  was  tested  and  compared  to  those  cells  grown 
on  plastic  or  fibronectin.  A  significantly  low  mitogenic 
response  was  observed  in  cells  grown  on  collagen  type 
IV  or  poly-L-lysine,  which  was  similar  to  the  cells 
grown  on  plastic  or  to  untreated  (control)  cells  (Figure 
3b).  Cells  seeded  on  matrigel  or  collagen  type  I  had  a 
comparable  increase  in  VEGF-dependent  [’HJthymi¬ 
dine  incorporation,  which  was  approximately  two- 
times  higher  than  in  the  control  cells  (203  +  9  and 
206+13%,  respectively).  However,  fibronectin  caused 
the  most  prominent  increase  in  mitogenic  response 
(257  +  10%,  Figure  3b)  relative  to  the  other  matrices. 
Therefore,  we  have  chosen  to  elucidate  the  role  of 
fibronectin  in  VEGF-dependent  signaling  in  breast 
cancer  cells,  as  described  below. 

The  heparin  homologue  of  HSPGs  stabilizes  the 
complex  between  VEGF  and  its  receptors  and  increases 
their  binding  due  to  several  basic  residues  on  both  the 
ligand  (Templeton,  1992)  and  receptor  (Dougher  et  al., 
1997).  Thus,  this  polyanion  was  used  to  test  whether  it 
would  affect  VEGF-dependent  mitogenic  response  in 
T47D  cells.  FBS  strongly  increased  [’HJthymidine 
incorporation  at  the  peak  of  DNA  synthesis  (7669  + 
920  c.p.m.  for  FBS  vs  3349  +  335  c.p.m.  for  control 
which  is  taken  as  100%,  /><0.01).  An  additional  two¬ 
fold  increase  in  DNA  synthesis  was  observed  upon 
FBS  treatment  of  cells  that  were  grown  on  fibronectin 
(461  ±21%,  FBS  on  FN;  vs  229±  12%,  FBS  on  plastic; 
/>< 0.01 ,  Table  1).  In  the  presence  of  heparin.  VEGF 
was  able  to  increase  DNA  synthesis  2-3  times  that  in 
the  control  cells  (225  +  13%,  VEGF  +  H  vs  110±9%, 
VEGF  alone,  vs  100+10%,  untreated  cells),  even 
though  cells  were  seeded  on  plastic  (Table  1).  A  similar 
increase  in  DNA  synthesis  was  observed  in  cells  grown 
on  fibronectin  after  treatment  with  VEGF.  Further¬ 
more,  heparin’s  presence  further  increased  VEGF- 
dependent  [’HJthymidine  incorporation  (298  ±12%. 
FN  +  VEGF  +  H  vs  246  ±  1 1  %,  FN  +  VEGF)  in  T47D 
cells  seeded  on  fibronectin  (Table  1),  suggesting  a 
stronger  effect  of  heparin.  Fibronectin  or  heparin  alone 
or  their  combination  did  not  dramatically  affect 
DNA  synthesis  over  the  course  of  18  h  (100± 20%, 
95 ±11%,  and  93±9%,  respectively).  Therefore,  the 
apparent  effects  of  heparin  and  fibronectin  on  VEGF- 
dependent  cell  migration  in  the  matrigel  invasion  assay 
may  be  attributed  to  their  demonstrated  effects  on  cell 
proliferation. 

To  address  the  mechanism  by  which  fibronectin  and 
heparin  cause  the  increased  VEGF-dependent  mitogenic 
response,  T47D  cells  were  treated  with  VEGF, 21  or 
EGF.  We  observed  that  VEGFI2|,  a  shorter  form  of  the 
VEGF  protein  which  lacks  an  ECM-binding  domain, 
was  fully  active  and  was  able  to  induce  DNA  synthesis 
in  endothelial  cells  (data  not  shown).  However, 
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Tj&ble  1  Heparin  and  fibronectin  affect  VEGF-dependent  mitogenic 
_ response  in  T47D  cells  _ 


Matrix  Treatment 

[3H]  thymidine 
incorporation 
per  cent  of 
control  (%) 

P 

n 

Plastic  0 

100±10 

- 

20 

Heparin 

95+11 

NS 

12 

FBS 

229+12 

<0.01 

12 

vegf165 

110+10 

NS 

20 

VEGF  165  +  Heparin 

225  +  13 

<0.01 

20 

VEGFi65  +  Heparin  +  mAb 

98  +  8 

NS 

8 

vegf121 

107  +  9 

NS 

12 

VEGF121  + Heparin 

108  +  16 

NS 

12 

EGF 

295+10 

<0.01 

12 

EGF  +  Heparin 

288  +  9 

<0.001 

12 

Fibronectin  0 

100  +  20 

- 

20 

Heparin 

93  +  9 

NS 

12 

FBS 

461+21 

<0.01 

12 

vegf165 

246+11 

<0.01 

20 

VEGF  j  65  + mAb 

103  +  9 

NS 

8 

VEGF!  65  + Heparin 

298  ±12 

<0.01 

20 

VEGFi21 

105  ±  11 

NS 

12 

VEGF]2i  + Heparin 

102  ±12 

NS 

12 

VEGF165  +  /?i 

175  ±  7 

<0.01 

12 

VEGF  165  +  #6 

228  ±16 

<0.01 

12 

EGF 

268  +  8 

<0.01 

12 

EGF  +  Heparin 

290+16 

<0.01 

12 

T47D  cells  were  seeded  either  on  plastic  or  on  fibronectin-coated  24- 
well  plates  and  rendered  quiescent.  Cells  were  then  stimulated  either 
with  VEGF165  (100  ng/ml),  VEGFi2i  (100  ng/ml)  or  EGF  (10  ng/ml), 
in  the  presence  or  absence  of  heparin  (1  /rg/ml),  or  with  FBS  (10%) 
or  left  untreated  ‘O’.  Some  cells  were  treated  with  blocking  anti-/?i 
integrin  or  with  blocking  anti-a6  integrin  antibodies  prior  to  the 
treatment  with  VEGFi65,  and  some  cells  were  treated  with  heparin 
(1  pg/ml)  alone.  Cells  were  then  processed  in  the  same  way  as 
described  in  Figure  3b  to  measure  the  incorporated  [3H]thymidine. 
Values  are  expressed  as  the  per  cent  of  untreated  cells  (‘O’,  taken  as 
100%)±s.d.  from  the  number  (n)  of  wells  (in  quadruplicates)  per 
experiment.  The  P  values  are  calculated  by  the  unpaired  Student’s  t- 
test  for  comparison  of  treated  versus  the  untreated  T47D  cells.  To 
address  the  specificity  of  VEGF  stimulation,  monoclonal  anti-VEGF 
antibodies  (mAb,  10  /ig/ml)  were  used.  NS,  not  significant 


stimulation  with  VEGF^i  on  either  plastic  or  fibro¬ 
nectin  had  no  effect  on  the  [3H]thymidine  incorporation 
of  T47D  breast  cancer  cells  in  the  presence  or  absence 
of  heparin  (Table  1),  suggesting  that  the  ECM  binding 
domain  of  VEGF  was  required  for  this  mitogenic 
response.  Interestingly,  EGF  elicited  a  strong  increase 
in  [3H]thymidine  uptake,  which  was  not  significantly 
affected  by  the  presence  of  either  fibronectin  or  heparin 
(Table  1).  Several  extracellular  matrix  proteins,  such  as 
fibronectin  or  collagens,  utilize  integrin  to  attach  to 
and  regulate  cellular  functions.  To  elucidate  the  role  of 
Pi  integrin  in  our  system,  we  pre treated  cells  with 
blocking  anti-jSi  or  anti-a6  integrin  antibodies  prior  to 
stimulation  with  VEGF.  While  VEGF-dependent  DNA 
synthesis  was  not  affected  by  the  integrin  antibody 
(228 ±16%,  VEGFi65  +  o<6  vs  246±11%,  VEGF165, 
both  on  fibronectin,  Table  1),  pretreatment  with 
blocking  anti-/?i  integrin  antibody  inhibited  [3H]thymi- 
dine  incorporation  by  approximately  50%  (calculated 
from  basal  level,  175 ±7%  VEGFi65  +  /?i  vs  246+1% 
VEGF165,  both  on  fibronectin,  Table  1). 
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Table  2  T47D  cell  attachment  on  different  surfaces 


Plastic  attached 

Fibronectin  attached 

Method 

cells  (%) 

cells  (%) 

n 

Recovered  radioactivity 

85  +  12 

83  +  9 

24 

Cell  number 

83  ±15 

93  ±8 

24 

T47D  cells  were  either  labeled  with  3H-thymidine  or  left  unlabeled 
and  passaged  into  12-well  plates  noncoated  or  coated  with  fibronectin 
as  described  in  Materials  and  methods.  After  allowing  cells  to  attach 
for  60  min,  unattached  cells  were  removed  and  attached  cells  were 
released  by  tripsin/EDTA.  The  percentage  of  attached  cells  was 
measured  by  both  direct  counting  of  the  attached  and  unattached 
cells  using  a  Coulter  counter  and  by  scintillation  counting  of  the 
radiolabeled  cells.  The  values  ±s.d.  are  calculated  by  the  formula 
indicated  in  Materials  and  methods  from  the  number  ( n )  of  wells 
from  two  separate  experiments 


The  increased  mitogenic  response  could  be  a  con- 
sequence  of  more  cells  initially  attaching  to  fibronec¬ 
tin.  To  address  this  possibility,  nonlabeled  cells  or 
cells  labeled  with  3H-thymidine  were  passaged  onto 
either  fibronectin  or  plastic,  allowed  to  attach  for  1  h 
and  then  the  number  of  adherent  cells  or  radioactivity 
was  counted.  Two  separate  experiments  showed  no 
difference  in  the  attachment  of  T47D  cells  to  either 
plastic  or  fibronectin  (Table  2).  Therefore,  the 
increased  [3H]thymidine  incorporation  after  treatment 
with  VEGF  (following  a  48-h  starvation  period)  is  not 
due  to  initial  greater  adhesion,  but  rather  to  an 
increase  of  cell  mitogenic  response  in  the  presence  of 
fibronectin. 

Effect  of  heparin  and  fibronectin  on  VEGF-dependent 
c-fos  induction 

Induction  of  the  protooncogene  c-fos  is  an  early 
indicator  of  cell  entry  into  the  cell  cycle,  c-fos  mRNA 
levels  were  reported  to  be  maximal  30  —  60  min  after 
the  stimulation  of  quiescent  breast  cancer  cells  with 
heregulin  (Sepp-Lorenzino  et  al.,  1996).  Similar 
amounts  of  total  RNA  were  loaded  in  all  blots  as 
indicated  in  the  lower  panels  after  probing  with  an  18S 
cDNA  probe.  Cells  grown  on  plastic  showed  a 
transient  increase  in  c-fos  mRNA  level  in  response  to 
VEGF,  although  it  was  a  much  lower  response  as 
compared  to  cells  treated  with  heregulin  (Figure  4a, c). 
In  the  presence  of  heparin,  a  significant  increase  in 
VEGF-dependent  c-fos  mRNA  level  was  observed, 
supporting  the  results  showing  a  mitogenic  response 
(Figure  4b).  In  additional  experiments,  we  further 
compared  c-fos  mRNA  levels  30  min  after  stimulation 
with  VEGF  in  cells  plated  on  plastic  in  the  presence  of 
chondroitin  sulfate  or  dextran  sulfate  or  in  cells  plated 
on  fibronectin  in  the  presence  of  heparin  (Figure  4b). 
Dextran  sulfate,  an  unrelated  polyanion,  increased 
VEGF-induced  c-fos  transcription  similar  to  heparin, 
while  chondroitin  sulfate,  a  glycosaminoglycan  control, 
did  not  significantly  affect  this  induction.  Because  the 
c-fos  mRNA  level,  in  response  to  dextran  sulfate  alone, 
was  almost  as  high  as  with  VEGF  and  dextran  sulfate 
together,  it  suggests  that  heparin  possesses  a  VEGF- 
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Figure  4  Heparin  and  fibroncctin  enhance  VEGF-dependcnt  c- 
fos  induction  in  T47D  cells.  Quiescent  T47D  cells  seeded  on 
plastic  or  FN-coatcd  plates  were  stimulated  at  time  0  with  VEGF 
or  with  heregulin  (HRG).  (a)  Cells  were  treated  with  VEGF  over 
the  indicated  time  or  with  HRG  as  a  control,  and  total  RNA  was 
collected  and  subjected  to  Northern  blotting,  (b)  Total  RNA  was 
collected  immediately  or  after  30  min  of  treatment  with  VEGF  in 
the  presence  or  absence  of  heparin,  dextran  sulfate  (DS).  or 
chondroitin  sulfate  (CS).  or  (c)  kinase  inhibitors  such  as  gcnistcin 
(GEN,  50  /tM).  PD98059  (PD,  50  /im)  and  LY294002  (LY, 
10  /<M).  Blots  shown  in  a.  b  and  c  were  probed  with  cDNAs  to 
c-fos  (upper  panels)  and  to  18S  rRNA  (lower  panels).  Histograms 
show-  the  ratio  of  the  c-fns  signal  relative  to  the  intensity  of  the 
hybridized  18S  probe  as  determined  by  densitometry.  Results  arc 
representative  of  three  independent  experiments 


C  VEGF:  - 
HRG:  - 
GEN:  - 
PD:  - 
LY:  - 


specific  mechanism  of  enhancing  the  signaling  of  this 
growth  factor.  Cells  seeded  on  fibronectin-coated  plates 
responded  to  VEGF  with  an  elevated  level  of  c -fos 
mRNA  (Figure  4b)  that  was  further  increased  when 
heparin  was  present  in  the  medium.  This  enhancing 
effect  of  heparin  is  similar  to  that  observed  when  the 
mitogenic  response  was  tested  (Table  1). 

We  next  examined  a  series  of  kinase  inhibitors  to 
characterize  the  pathway  by  which  c -fos  is  induced  in 
T47D  cells  in  response  to  VEGF.  Cells  were  pretreated 
with  genistein,  PD98059  or  LY294002  before  the 
addition  of  VEGF  and  then  tested  for  the  level  of  c- 
fos  mRNA  (Figure  4c).  While  genistein  inhibited 
tyrosine  kinases  and  downstream  pathways  including 
MAPK  and  PI3K,  PD98059  inhibited  only  MEK/ 
MAPK-dependent  signaling  (Dudley  et  a/..  1995)  and 
LY294002  inhibited  only  the  PI3K/Akt  pathway 
(Vlahos  et  al.,  1994).  None  of  the  inhibitors  affected 
a  basal  level  of  c -fos  mRNA.  Genistein  and  PD98059 
abolished  the  VEGF-dependent  increase  in  c -fos 
mRNA  level  while  LY294002  had  a  modest  suppressive 
effect  (Figure  4c),  suggesting  the  MAPK  dependence  of 
c -fos  induction  in  these  cells. 

Heparin  and fibronectin  affect  VEGF-dependent  MAPK 
activation 

Several  pathways  are  known  to  be  involved  in  c -fos 
induction,  with  one  acting  through  the  Erk  family  of 
MAPK  (Treisman,  1992).  Recently,  we  showed  that 
T47D  cells  responded  to  VEGF  with  a  modest 
MAPK  activation  which  had  maximal  activity  at 
15  min  (Price  et  cd.,  2001).  Thus,  at  15  min,  we  tested 
the  effects  of  heparin  and  fibronectin  on  VEGF- 
dependent  MAPK  activation.  Phosphorylation  as  well 
as  activation  of  MAPK  were  analysed  by  using 
phospho-specific  antibody  and  an  in  vitro  kinase 
assay,  respectively.  Quiescent  cells  on  plastic,  fibro¬ 
nectin,  a  collagen  type  IV,  or  cells  treated  with 
heparin  alone  showed  very  low  levels  of  either  MAPK 
phosphorylation  or  activity  (Figure  5).  When  cells 
were  treated  with  VEGF,  a  strong  increase  in  the 
phosphorylation  (Figure  5b)  and  activity  (Figure  5a) 
of  Erk  occurred.  However,  this  activity  was  still 
several  times  lower  than  that  elicited  by  heregulin. 
This  VEGF-induced  increase  was  sensitive  to  pretreat¬ 
ment  with  the  MAPK  kinase  (MEK  1/2)  inhibitor, 
PD98059,  suggesting  a  MAPK-dependent  process.  The 
response  to  VEGF  was  greatly  enhanced  by  the 
presence  of  heparin  and  dextran  sulfate,  whereas 
chondroitin  sulfate  was  without  effect  (Figure  5a,b). 
Heparin  also  slightly  increased  the  level  of  MAPK 
phosphorylation  in  cells  seeded  on  fibronectin  in 
response  to  VEGF,  which  otherwise  was  similar  to 
the  cells  grown  on  plastic  (Figure  5b).  Consistent  with 
the  mitogenic  response,  MAPK  activity  was  also  low 
on  collagen  type  IV  when  compared  to  that  on 
fibronectin  (Figure  5a).  The  total  amount  of  MAPK 
protein  detected  by  Western  blotting  was  the  same  in 
cells  grown  on  fibronectin  or  plastic  as  indicated 
(lower  panels.  Figure  5a, b). 
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Effect  of  fibronectin  and  heparin  on  VEGF  receptor 
tyrosine  phosphorylation 

VEGF  activates  the  Ras  pathway  through  protein 
tyrosine  kinase  receptors  (Dougher-Vermazen  et  al. , 
1994;  Sawano  et  al. ,  1996),  and  subsequently  activates 
MAPK  through  the  dual  specificity  MEK.  To 
determine  whether  fibronectin  and  heparin  affect 
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Figure  5  Effect  of  heparin  and  fibronectin  on  VEGF-induced 
MAPK  phosphorylation  and  activation  in  T47D  cells.  T47D  cells 
were  seeded  onto  PL,  collagen  type  IV  (COL)  or  on  FN-coated 
plates  and  starved  as  indicated  in  Figure  3.  (a)  Cell  treatment  was 
followed  by  immunoprecipitation  with  anti-Erk-2  antibody,  and 
immunoprecipitates  were  used  in  an  in  vitro  kinase  assay  with 
myelin  basic  protein  (MBP)  as  a  substrate.  Control  indicates  the 
kinase  activity  of  the  sample  containing  lysate  from  cells  treated 
with  VEGF  mixed  with  protein-G  agarose  without  anti-Erk-2 
antibody.  The  lower  panel  represents  immunoblots  of  immuno¬ 
precipitates  probed  with  anti-Erk-2  antibody,  (b)  Blots  of  total 
cell  lysates  were  probed  with  anti-phospho-Erk-2  antibodies  (*p- 
Erk,  upper  panel),  and  then  were  stripped  and  reprobed  with  anti- 
Erk-2  antibody  as  a  control  for  total  Erk  protein  (lower  panel). 
Histograms  show  signal  intensity  after  correction  for  loading. 
Blots  are  representative  of  two  independent  experiments 
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VEGF  receptor  tyrosine  phosphorylation,  T47D  cells 
were  stimulated  with  VEGF  and  total  cell  lysates  were 
immunoprecipitated  with  anti-Flt-1,  anti-Flk-1  or  anti- 
Flt-4  antibodies  and  subjected  to  immunoblotting  with 
an  anti-phosphotyrosine  antibody.  As  indicated  in 
Figure  6,  the  tyrosine  phosphorylation  was  increased 
upon  cell  stimulation  with  VEGF  on  plastic.  When 
cells  were  seeded  on  fibronectin,  a  greater  increase  in 
tyrosine  phosphorylation  was  observed  in  response  to 
VEGF  in  the  presence  of  heparin.  Although  Flk-1  and 
Flt-4  showed  a  slight  increase  in  tyrosine  phosphoryla¬ 
tion  in  the  presence  of  heparin  and  fibronectin  as 
compared  to  cells  seeded  on  plastic,  a  significant 
increase  in  tyrosine  phosphorylation,  upon  VEGF 
treatment,  was  observed  with  the  Flt-1  receptor  (Figure 
6a).  This  suggests  that  the  Flt-1  receptor  could  be 
responsible  for  the  signaling  observed  in  the  T47D 
cells,  although  it  is  not  the  only  receptor  expressed  on 
these  cells. 
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Stimulation:  0  V  FN 
Flt-1 — ►  — 
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Figure  6  Effect  of  fibronectin  and  heparin  on  the  tyrosine 
phosphorylation  of  VEGF  receptors.  T47D  cells  were  seeded  on 
plastic  or  on  fibronectin  (FN)-coated  petri  dishes.  After  48  h 
starvation,  cells  were  treated  with  VEGFi65  (V)  alone  or  with 
VEGF165  in  the  presence  of  heparin  (1  fi g/ml,  V  +  H)  for  15  min, 
and  cell  lysates  were  then  immunoprecipitated  with  anti- Flt-1, 
anti-Flk-1  or  with  anti-Flt-4  antibodies.  The  immunoprecipitates 
were  subjected  to  electrophoresis.  The  separated  proteins  were 
blotted  to  the  membrane,  and  blots  were  probed  with  4G10  (anti- 
phosphotyrosine  antibody,  upper  panels),  or  after  stripping,  with 
anti-Flt-1,  anti-Flk-1  or  anti-Flt-4,  antibodies  (lower  panels).  The 
experiment  was  repeated  twice  with  the  same  results 
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VEGF-induced  PI3K  activity  is  affected  by  heparin  and 
fibronectin 

Tyrosine  phosphorylation  of  receptors  can  activate 
PI3K,  which  in  turn  phosphorylates  and  consequently 
activates  the  serine/threonine  kinase  AKT  (Carpenter 
and  Cantley,  1996).  AKT  is  activated  by  its  PI3K- 
dependent  recruitment  to  the  plasma  membrane  that  is 
followed  by  its  phosphorylation  at  Thr-308  and  Ser- 
473  residues  (Downward,  1998).  Therefore,  measure¬ 
ment  of  Ser-473  phosphorylated  AKT  can  be  an 
indication  of  PI3K/AKT  pathway  activation  (Altiok 
et  al.,  1999;  Downward,  1998).  Stimulation  of  T47D 
cells  by  VEGF  modestly  increased  PI3K  activity  over 
the  basal  level,  as  indicated  by  the  phosphorylation  of 
phospholipids  (Figure  7a)  and  by  AKT  phosphoryla¬ 
tion  (*p-Akt,  Figure  7b).  This  modest  increase  in  PI3K 
activity  was  weaker  than  in  cells  stimulated  with 
heregulin  (Figure  7a, b).  A  significant  increase  in  PI3- 
kinase  activation  was  observed  when  heparin  was 
present  with  VEGF  in  the  T47D  cells  grown  on 
plastic.  A  slightly  higher  intensity  of  VEGF-induced 
PI3-kinase  activity  was  observed  in  T47D  cells  grown 
on  fibronectin  (Figure  7a, b).  Similar  to  heparin, 
dextran  sulfate  enhanced  Akt  phosphorylation  in  the 
presence  of  VEGF,  while  chondroitin  sulfate  was 
without  effect  (Figure  7b).  The  increase  in  VEGF- 
dependent  PI3K  activity  was  completely  blocked  by 
pretreatment  of  cells  with  the  inhibitor  LY294002, 
while  PD98059  had  no  effect.  Neither  heparin  (for  both 
methods),  nor  dextran  sulfate  (for  the  *p-Akt  assay, 
data  not  shown),  alone  affected  the  low  basal  level  of 
AKT  phosphorylation  of  the  quiescent  T47D  cells. 
Equal  amounts  of  AKT  proteins  were  observed  in  all 
samples  (Figure  7b,  lower  panel). 


Discussion 

Our  recent  study  (Price  et  al.,  2001),  as  well  as 
investigations  by  others  (Blancher  et  al.,  2000;  de  Jong 
et  al.,  1998b;  Speirs  and  Atkin,  1999;  Yoshiji  et  al., 
1996),  have  demonstrated  that  breast  cancer  cells 
express  both  VEGF  and  VEGF  receptors.  However, 
VEGF  alone  was  not  able  to  induce  either  a 
proliferative  or  migratory  response  in  T47D  cells  (Price 
et  a! .,  2001).  Only  cells  that  were  seeded  onto 
fibronectin-coated  membranes  migrated  in  significantly 
higher  numbers  than  cells  seeded  on  matrigel.  Given 
that  VEGF  and  its  receptors  possess  regions  rich  in 
basic  amino  acids  that  confer  binding  to  the  ECM 
(Cardin  and  Weintraub,  1989;  Dougher  et  at.,  1997; 
Templeton,  1992),  and  that  VEGF^ binds  to  VEGF 
receptors  in  breast  cancer  cells  via  its  exon  7-encoded 
ECM-binding  region  (which  is  not  present  in  VEGF|2i) 
(Soker  et  al.,  1996),  it  was  reasonable  to  postulate  that 
VEGF-induced  signaling  in  T47D  cells  depends  on  an 
ECM  component.  Thus,  the  effects  of  heparin  and 
fibronectin  on  these  cells  were  considered. 

In  endothelial  cells,  VEGF  binds  with  high-affinity 
to  its  receptors  (Cohen  et  al.,  1995;  Gitay-Goren  et  al.. 
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Figure  7  Effect  of  heparin  and  fibronectin  on  VEGF-dependent 
PI3K  activity.  Cells  were  seeded  on  PL  or  FN  as  described  in 
Materials  and  methods.  After  15-min  treatment  with  VEGF, 
VEGF  in  the  presence  of  heparin  (VEGF  +  H),  chondroitin 
sulfate  (CS),  or  dextran  sulfate  (DS),  or  after  treatment  with 
heregulin  (HRG),  or  with  heparin  alone,  total  cell  lysates  were 
subjected  to  either  in  vitro  PI3K  assay  (a)  or  to  immunoblotting 
(b).  Untreated  cells  (control)  or  cells  pretreated  with  either 
PD98059  (50  //M,  PD)  or  LY294002  (10  //M,  LY)  were  subjected 
to  treatment  with  VEGF  in  the  presence  of  heparin  (H).  (a) 
Immunoprccipitates  with  anti-phosphotyrosine  antibodies  were 
tested  for  their  ability  to  phosphorylatc  lipids  in  the  presence  of 
7[32P]ATP  in  an  in  vitro  PI3K  assay.  The  phosphorylated  lipids 
were  then  extracted  from  the  reaction  mixture  by  CHCbrCH^OH 
[1:1]  and  were  spotted  onto  TLC  plates.  Phosphorylated 
phospholipids  were  then  separated  in  developing  solution  contain¬ 
ing  CHC1.vCH,OH:NH4OH:H:0  [60:47:11.3:2]  followed  by 
autoradiography.  ‘Blank’  represents  the  sample  containing  the 
reaction  mixture  of  cells  treated  with  heregulin  that"  was 
precipitated  with  Protein-Ci  sepharose  without  anti-phosphotyr- 
osinc  antibody.  The  autoradiograph  is  representative  of  two 
separate  experiments,  (b)  Immunoblots  were  probed  with  anti-p- 
Ser473  AKT  antibody  (*p-AKT,  upper  panel)  or  with  anti-AKT 
antibodies  (lower  panel).  The  histogram  was  generated  exactly  as 
in  Figure  5b.  The  blots  are  representative  of  two  separate 
experiments 


1992).  In  spite  of  its  high-affinity  binding,  heparin 
(Cohen  et  al.,  1995;  Dougher  et  al.,  1997;  Gitay-Goren 
et  al.,  1992)  and  HSPGs  (Gengrinovitch  et  al.,  1999) 


Oncogene 


enhanced  this  binding  and  stabilized  the  complex 
between  YEGF  and  its  receptors.  Therefore,  it  is 
expected  that  heparin  would  support  VEGF-induced 
binding  and  signaling  in  T47D  cells.  Several  pieces  of 
information  support  our  hypothesis  indicating  that  an 
ECM  component  is  required  for  VEGF-induced 
mitogenic  and  migratory  response  in  these  cells:  (i) 
cells  seeded  onto  plastic  showed  no  significant  increase 
in  [3H]thymidine  incorporation  and  no  increase  in  the 
number  of  migrating  cells  after  treatment  with  VEGF 
on  matrigel.  Accordingly,  T47D  cells  in  response  to 
VEGF  on  plastic  showed  very  modest  increases  in 
overall  tyrosine  phosphorylation,  c-fos  induction, 
MAPK  activity  and  PI3K  activation  as  opposed  to 
quiescent  cells.  The  degree  of  activation  was  several 
times  lower  than  that  observed  in  heregulin-treated 
cells;  (ii)  heparin  presence  and/or  attachment  to 
fibronectin-coated  plates  was  sufficient  to  establish  the 
mitogenic  response  and  increase  migration  of  these 
breast  cancer  cells  in  response  to  VEGF  similar  to  the 
response  elicited  by  heregulin,  a  potent  breast  cancer 
cell  mitogen;  (iii)  signaling  pathways  that  lead  to 
proliferation  such  as  MAPK  and  c-fos  or  that  stimulate 
cell  migration,  such  as  PI3K,  were  significantly 
increased  in  response  to  VEGF  when  cells  were 
exposed  to  heparin  and/or  seeded  onto  fibronectin- 
coated  dishes;  (iv)  as  suggested  by  Soker  et  al  (1996), 
heparin/HSPGs  enhance  binding  of  VEGF  to  its 
receptors,  and  finally,  (v)  VEGF12i,  which  does  not 
possess  an  ECM  binding  domain,  had  no  effect  on 
DNA  synthesis  in  the  presence  or  absence  of  heparin 
and/or  fibronectin,  while  EGF  strongly  induced  DNA 
synthesis  which  was  not  affected  by  the  presence  of 
either  fibronectin  or  heparin.  Thus,  in  order  to 
stimulate  signaling  in  T47D  cells,  the  binding  of  VEGF 
to  its  receptors  needs  to  be  stabilized  by  the  presence  of 
ECM  components  such  as  heparin  and  fibronectin. 

Although  the  binding  of  both  VEGF  and  its 
receptors  to  heparin  has  been  suggested  by  several 
authors  (Cohen  et  al ,  1995;  Dougher  et  al. ,  1997; 
Gitay-Goren  et  al. ,  1992),  their  binding  to  fibronectin 
and  its  stabilizing  role  in  the  VEGF -VEGF  receptor 
complex  have  not  been  reported  to  date.  Cells 
primarily  interact  with  fibronectin  through  Pi  integrins 
(Clark  and  Brugge,  1995),  while  cooperative  signaling 
from  transmembrane  HSPGs  results  in  assembly  of 
focal  adhesions  and  actin  stress  fibers  (Saoncella  et  al. , 
1999).  Fibronectin  contains  several  binding  domains 
including  those  for  fibrin,  collagen,  heparin  and  cell- 
surface  receptors  (Paolella  et  al. ,  1988),  and  it  has  been 
shown  to  augment  cell  migration  (Clark  et  al. ,  1988). 
Its  two  heparin-binding  domains,  one  of  low  affinity 
and  the  other  of  high  affinity,  are  located  at  its  N-  and 
C-termini,  respectively  (Paolella  et  al. ,  1988).  The 
binding  of  the  heparin-binding  domain  of  fibronectin 
to  cell  surface  HSPGs  promotes  activation  of  PKC 
(Woods  et  al. ,  1993).  This  result  could  be  duplicated 
in  our  system,  as  cells  seeded  on  fibronectin  showed 
the  increased  tyrosine  phosphorylation  of  a  protein 
migrating  at  - 120  kDa  (Miralem  and  Avraham,  un¬ 
published  observation).  Although  the  nature  of  that 
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band  was  not  further  investigated,  its  molecular  weight 
and  the  fact  that  it  is  more  phosphorylated  in  cells 
grown  on  fibronectin  suggest  that  this  band  could  be 
FAK.  Activated  PKC  and  FAK  could  lead  to  MAPK 
activation,  which  induces  c-fos  transcription  such  as 
that  observed  in  our  present  work.  The  effect  of 
fibronectin  also  could  be  attributed  to  the  specific 
peptide  PHSRN  contained  in  its  molecule,  that  was 
recently  reported  to  accelerate  wound  healing  by 
increasing  cell  invasiveness  (Livant  et  al .,  2000). 

The  suppressive  effect  of  poly-L-lysine  on  DNA 
synthesis  suggests  the  involvement  of  integrins,  which 
may  mediate  signaling  from  matrices  containing 
fibronectin,  matrigel  or  collagens  type  I  and  IV. 
However,  a  partial  inhibition  of  VEGF-dependent 
migration  (Figure  lb)  and  DNA  synthesis  (Table  1) 
by  blocking  anti-/?i-integrin  antibodies  indicates  that 
this  mechanism  is  not  the  sole  process.  Integrins  might 
also  play  a  role  in  inducing  the  inhibitory  effect  of 
collagen  type  IV.  Collagen  type  IV  was  shown  to 
inhibit  proliferation  of  melanoma  cells  (Han  et  al. , 
1997)  and  breast  cancer  cells  (Shahan  et  al. ,  1999a)  by 
up  to  67%.  This  inhibition  was  attributed  to  the 
Serine-N-Serine  sequence  of  the  a3(IV)  collagen  chain. 
Integrin  a v/?3  and  integrin-associated  protein  CD47 
were  also  responsible  for  this  effect  (Shahan  et  al ., 
1999b).  Although  collagen  type  IV  peptides  were  added 
to  the  growth  medium  (Shahan  et  al. ,  1999b),  it  is 
conceivable  that  in  our  experiments  (where  cells  were 
seeded  onto  a  collagen  type  IV  coat)  cells  were  also 
exposed  to  the  a3(IV)  chain,  which  exerted  its  anti¬ 
proliferative  effect. 

Breast  cancer  cells  express  VEGF  receptors.  Speirs 
and  Atkin  (1999)  reported  the  presence  of  Flt-1  and 
Flk-l/KDR  in  breast  cancer  epithelial  cells,  while  de 
Jong  et  al.  (1998a)  found  significant  expression  of  these 
molecules  in  50%  of  breast  tumor  epithelial  cells. 
Consistent  with  these  findings,  we  recently  reported  the 
expression  of  Flt-1  and  Flk-1  in  several  cell  lines 
including  T47D  breast  cancer  cells  (Price  et  al .,  2001). 
The  results  presented  here  suggest  the  presence  of  the 
Flt-4  receptor  in  addition  to  the  Flt-1  and  Flk-1 
receptors  in  T47D  cells.  However,  the  increased  signal 
from  the  Flt-1  receptor  in  the  presence  of  fibronectin 
and  heparin  was  the  most  prominent,  followed  by  that 
from  Flt-4  and  Flk-l/KDR.  The  reason  for  the  weak 
activation  of  the  Flt-4  receptor  could  be  attributed  to 
its  lack  of  responsiveness  to  VEGFi65.  A  shorter  form 
of  VEGF  protein,  VEGF-C,  which  has  about  30% 
identity  with  VEGFi65  (Joukov  et  al .,  1996),  has  the 
highest  affinity  for  the  Flt-4  receptor.  Heparin  binding 
affinity  has  been  identified  for  Flt-1  (Cohen  et  al ., 
1995),  and  also  for  Flk-l/KDR  (Dougher  et  al. ,  1997). 
Both  receptors  are  associated  with  heparan  sulfates  or 
heparin-like  molecules  on  the  cell  surface  (Cohen  et  al ., 
1995).  This  may  have  implications  for  the  binding  of 
VEGF.  Indeed,  binding  of  VEGF  to  VEGF  receptors 
was  differentially  regulated  by  heparin.  For  example, 
binding  of  VEGF  to  Flt-1  was  inhibited  whereas 
binding  to  Flk-l/KDR  was  stimulated  (Terman  et  al. , 
1994).  Our  results  showed  that  the  presence  of  heparin 
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and  fibronectin  increased  the  activity  of  all  VEGF 
receptors.  These  results,  reporting  the  most  significant 
increase  in  activity  and  presumably  binding  of  VEGF 
to  Flt-1  in  the  presence  of  heparin  and  fibronectin,  are 
different  than  those  presented  by  Terman  et  al.  (1994). 
These  differences  may  represent  the  different  experi¬ 
mental  conditions  and  cell  types  used. 

Signal  transduction  by  tyrosine  kinase  receptors, 
such  as  VEGF,  depends  upon  the  binding  of  SH2-SH3 
domain-containing  proteins  to  tyrosine  phosphoryla¬ 
tion  sites  on  the  receptor  (Shibuya  et  al.,  1999). 
Subsequent  MAPK  activation  converges  from  several 
pathways,  one  emanating  from  the  activation  of  PLC-y 
through  PKC  and,  another,  through  the  Ras/MEK- 
dependent  cascade  (Guo  et  al.,  1995).  Decreased 
MAPK  activity,  such  as  that  observed  in  VEGF- 
treated  T47D  cells  grown  on  plastic,  is  consistent  with 
low  mitogenic  response  and  weak  c -fos  induction. 
Strong  and  sustained  activity  of  MAPK  is  required 
for  its  translocation  to  the  nucleus  where  the  enzyme 
activates  transcription  factors  (Traverse  et  al.,  1992). 
Likewise,  as  indicated  in  the  present  study,  plating  of 
T47D  cells  onto  fibronectin,  or  onto  plastic  in  the 
presence  of  heparin,  significantly  increased  all  the 
signaling  components  tested  in  response  to  VEGF, 
providing  the  additional  requirements  for  cells  to 
complete  passage  through  the  S  phase.  The  phosphory- 
lated  VEGF  receptor  can  also  recruit  the  p85  subunit 
of  PI3K  (Cunningham  et  al.,  1995;  Guo  et  al.,  1995), 
thereby  activating  the  PI3K/AKT  pathway.  Activated 
PI3K/AKT  may  regulate  cell  survival  (Downward, 

1998) ,  proliferation  (Chung  et  a /.,  1994;  Thakker  et  a!., 

1999) ,  and  migration  (Fujikawa  et  al.,  1999).  We  have 
observed  migration  of  T47D  cells  in  response  to  VEGF 
only  when  heparin  and/or  fibronectin  was  present  on 
the  transwell  membrane,  suggesting  that  both  the 
growth  factor  and  the  ECM  components  are  important 
in  potentiating  the  migration  of  tumor  cells.  In 
endothelial  cells,  the  PI3K  pathway  was  shown  to  be 
crucial  in  cell  survival  (Gerber  et  al.,  1998)  and  to  play 
an  important  role  in  the  regulation  of  cell  migration 
(Fujikawa  et  al.,  1999;  Radisavljevic  et  al.,  2000). 
Similarly,  in  our  system,  we  found  that  PI3K  is 
involved  in  the  regulation  of  cell  survival  (Price  et  al., 
2001)  as  well  as  in  the  process  of  cell  migration, 
because  LY294002,  a  PI3K  specific  inhibitor,  strongly 
inhibited  the  VEGF-dependent  migratory  response 
while  PD98059  and  U0126  specific  MEK  inhibitors, 
had  a  moderate  effect.  Our  results  are  consistent  with 
those  of  Adam  et  al.  (1998),  who  reported  that  MCF-7 
cells,  another  breast  cancer  cell  line,  migrated  in 
response  to  heregulin  through  a  PI3K-mediated  process 
(Adam  et  al.,  1998). 

Induction  of  c -fos  by  growth  factors  operates 
through  initial  tyrosine  phosphorylation  of  activated 
receptors,  leading  to  subsequent  MAPK  activation. 
This  induction  is  sensitive  to  inhibition  of  either 
tyrosine  phosphorylation  or  MEK.  Activation  of 
MAPK  leads  to  phosphorylation  of  the  transcription 
factor  Elk,  which  drives  transcription  of  c -fos  through 
serum  response  elements  in  the  c -fos  promoter  (Treis- 


man,  1994).  PI3K  was  also  shown  to  contribute  to  the 
cell  cycle  by  inducing  the  AKT-dependent  phosphor¬ 
ylation  of  glycogen  synthase  kinase  3  (Cross  et  al.. 

1995)  and  by  activating  protein-serine/threonine  p70Sfi 
kinase  (Chung  et  al.,  1994).  However,  our  results 
strongly  suggest  that  the  PI3K-dependent  pathway 
does  not  play  a  significant  role  in  VEGF-induced  c -fox 
transcription  in  T47D  cells.  First,  the  c -fos  mRNA 
level  was  not  markedly  reduced  by  pretreatment  with 
LY294002,  whose  specificity  to  PI3K  has  been 
demonstrated  (Vlahos  et  al.,  1994).  Additionally,  the 
VEGF-dependent  increase  in  the  level  of  c -fos  mRNA 
was  abolished  after  cell  pretreatment  with  PD98059. 
Finally,  corroborating  our  results,  it  was  recently 
reported  in  the  HUVEC  system  that  the  PI3K  and 
MAPK  pathways  do  converge  (Thakker  et  al.,  1999). 
However,  PI3K  was  shown  to  be  upstream  of  MAPK 
and  to  only  affect  induction  of  c -fos  through  the 
regulation  of  MAPK  activity.  The  significant  increase 
in  c -fos  transcription  in  response  to  VEGF  could  be 
attributed  to  the  specific  effect  of  heparin  because 
dextran  sulfate  alone,  an  unrelated  polyanion,  caused  a 
strong  increase  in  c -fos  induction.  Chondroitin  sulfate, 
a  control  for  GAG  chains,  was  without  effect  either  on 
c -fos  induction  or  MAPK  or  PI3K  activation.  The 
induction  of  c -fos  transcription  by  dextran  sulfate 
alone  supports  the  notion  that  part  of  heparin’s  effect 
is  through  electrostatic  stabilization  of  the  binding 
complex.  For  example,  the  binding  affinity  of  FGFs  to 
heparin,  which  is  a  highly  sulfated  GAG,  is  greater 
than  that  to  heparan-sulfate,  a  GAG  that  is  less 
sulfated  (Templeton,  1992).  However,  the  high  iso¬ 
electric  point,  by  itself,  is  insufficient  to  explain  the 
binding,  because  PDGF,  with  an  isoelectric  point 
similar  to  b-FGF,  does  not  localize  to  anionic  heparan 
sulfate  sites  on  the  basement  membrane  of  the  eye, 
whereas  a-FGF  and  b-FGF  do  bind  to  the  same  sites 
(Jeanny  et  al.,  1987). 

Extracellular  matrix-induced  oligomerization  appears 
to  be  an  important  mechanism  in  regulating  the 
biological  activities  of  growth  factors  (Chirgadze  et 
al.,  1999).  Since  breast  cancer  cells  express  Flt-1  and 
Flk-l/KDR  receptors  (de  Jong  et  al.,  1998a;  Price  et 
al.,  2001;  Speirs  and  Atkin,  1999)  and  secrete  VEGF 
(Blancher  et  al.,  2000;  Price  et  al.,  2001;  Yoshiji  et  al., 

1996) ,  this  phenomenon  may  emphasize  an  autocrine 
mechanism  by  which  VEGF  increases  the  tumorigeni- 
city  of  breast  cancer  cells.  In  the  early  stages  of  breast 
cancer  development,  there  is  an  initial  accumulation  of 
ECM  components  in  both  the  interstitial  stroma 
(Christensen,  1992)  and  in  the  basement  membrane 
(Ormerod  et  al.,  1985).  Accumulated  ECM,  such  as 
fibronectin  and  HSPGs,  may  increase  the  responsive¬ 
ness  of  breast  cancer  cells  to  VEGF  by  maintaining  the 
stability  of  the  complex  between  the  growth  factor  and 
its  receptor  resulting  in  receptor  activation.  This  could 
increase  tumorigenicity  through  the  stimulation  of  cell 
proliferation,  survival  and  invasiveness.  However,  this 
initial  phase  does  not  seem  to  last  very  long  due  to  a 
general  decrease  in  ECM  components  and  in  the  level 
of  sulfation  of  heparan  sulfate,  which  has  been 
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associated  with  the  metastatic  phenotype  of  cancer 
cells.  This  final  stage  of  transformation  can  be  ascribed 
to  the  upregulation  of  ECM-degrading  matrix  metallo- 
proteinases  (Sternlicht  et  al ,  2000). 

In  this  report,  we  demonstrated  that  VEGF  requires 
the  presence  of  ECM  components  for  the  induction  of 
mitogenic  and  migratory  responses  in  T47D  cells.  As 
compared  to  T47D  cells  grown  on  plastic,  cells  seeded 
on  fibronectin  or  cells  grown  on  plastic  in  the  presence 
of  heparin  had  significantly  higher  [3H]thymidine 
incorporation  and  c -fos  induction  as  well  as  a  higher 
number  of  cells  migrating  to  the  transwell  membranes. 
Likewise,  intracellular  signaling  that  supports  mito¬ 
genic  and  migratory  responses,  such  as  tyrosine 
phosphorylation  of  VEGF  receptors,  MAPK  activity, 
and  PI3K  activity,  was  much  greater  in  cells  seeded  on 
fibronectin  or  seeded  on  plastic  in  the  presence  of 
heparin,  as  compared  to  cells  grown  on  plastic. 
Heparin  has  been  shown  to  enhance  the  binding  of 
VEGF  to  its  receptors  in  both  breast  cancer  (Soker  et 
al .,  1996)  and  endothelial  cells  (Gitay-Goren  et  al , 
1992),  and  fibronectin  has  been  reported  to  enhance 
VEGF! 65-dependent  DNA  synthesis  in  endothelial  cells 
(Soldi  et  al ,  1999).  However,  to  our  knowledge,  this  is 
the  first  report  associating  ECM  enhancement  of 
VEGF  binding  to  the  induction  of  mitogenic  and 
migratory  responses  in  breast  cancer  cells. 


Materials  and  methods 

Materials 

Antibodies  used  for  immunological  analysis  were  as  follows: 
anti-phosphotyrosine  antibody  (4G10)  was  from  Genentech 
(San  Francisco,  CA,  USA).  Phospho-Erk  (E-4)  antibody, 
anti-Erk-2  (C-154),  anti-Flt-1  antibody,  anti-Flt-4  antibody, 
anti-Flk-1  antibody  and  HRP-labeled  secondary  antibodies 
were  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA, 
USA).  Anti-Akt,  and  anti-phospho-Ser-473  Akt  antibodies 
were  from  New  England-Biolabs  (Beverly,  MA,  USA). 
Anti-phosphotyrosine  antibody  (PY20)  was  from  Transduc¬ 
tion  Laboratories  (Lexington,  KY,  USA).  Genistein, 
LY294002,  heparin,  chondroitin  sulfate  A,  and  C,  dextran 
sulfate,  and  phosphatidylinositol  were  from  Sigma  Chemical 
Co.  (St.  Louis,  MO,  USA).  PD98059  and  U0126  were  from 
Calbiochem-Novobiochem  Co.  (La  Jolla,  CA,  USA). 
VEGF i65  and  heregulin  were  generous  gifts  from  Genentech 
and  VEGF12i  was  from  R&D  Systems  (Minneapolis,  MN, 
USA).  EGF  was  from  Upstate  Biotechnology  (Lake  Placid, 
NY,  USA).  y[32P]ATP,  a[32P]dCTP,  [3H]thymidine  and 
[125I]Na  were  from  New  England  Nuclear  (Boston,  MA, 
USA).  Blocking  anti-/h  integrin  antibody  was  from 
Hybridoma  Bank  (University  of  Iowa,  Iowa  City,  IO, 
USA)  and  blocking  anti-a6  integrin  antibody  was  a 
generous  gift  from  Leslie  Shaw  (Beth  Israel-Deaconess 
Medical  Center,  Boston,  MA,  USA).  All  other  chemicals 
were  from  Fisher  Scientific  (Norcross,  GA,  USA),  unless 
otherwise  specified. 

Cell  culture 

T47D  cells  were  obtained  from  ATCC.  These  cells  were 
cultured  in  RPMI-1640  medium  (Gibco-BRL),  supplemented 
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with  3.5  /jg/ml  insulin,  10%  fetal  bovine  serum  (Gibco-BRL), 
and  penicillin/streptomycin.  To  coat  the  plates:  human 
plasma  fibronectin  (30  /ig/ml),  collagen  type  IV  (40  jUg/ml) 
and  Matrigel  (Engelberth-Holm-Swarm  tumor  basement 
membrane,  40  //g/ml)  (Becton-Dickinson,  Bedford,  MA, 

USA)  were  dissolved  in  sterile  water,  0.05  M  HC1,  or  in  cold 
medium,  respectively,  spread  on  culture  dishes  (1.2  ml/10-cm 
petri  dish,  70  /d/well  in  24-well  plates),  and  allowed  to  dry  in 
a  sterile  environment.  Collagen  type  I  solution  (2.9  mg/ml) 
was  purchased  as  Vitrogen-100  (Cohesion,  Palo  Alto,  CA, 

USA)  and  was  added  to  the  wells  of  the  tissue  culture  plates 
(0.25  ml/well  in  24-well  plates),  then  incubated  for  at  least 
60  min  at  37°C  to  gel.  Poly-L-lysine  (40  ^ug/ml.  Sigma)  was 
dissolved  in  water  spread  on  culture  dishes  (70  /d/ml  in  24- 
well  plates)  and  allowed  to  dry  in  a  sterile  environment. 
Quiescence  was  induced  by  replacing  growth  medium  on  cells 
at  60-80%  confluence  with  medium  containing  0.4%  FBS, 
then  followed  by  48  h  incubation.  To  study  the  initiation  of 
signaling,  cells  were  stimulated  with  heregulin  (20  nM),  or 
FBS  (10%),  VEGF  (100  ng/ml),  VEGF121  (100  ng/ml),  or 
EGF  (10  ng/ml)  alone  or  in  the  presence  of  heparin, 
chondroitin  sulfate,  or  dextran  sulfate  (all  at  a  concentration 
of  1  /ig/ml). 

Cell  attachment 

Cell  attachment  was  performed  as  described  (Miralem  et  al, 

1996b).  Briefly,  labeled  or  unlabeled  cells  were  released  from 
petri  dishes  by  trypsinization,  resuspended  in  Dulbecco’s 
modified  Eagle’s  medium  (DMEM)  containing  bovine  serum 
albumin  (BSA;  1  mg/ml)  and  then  seeded  in  12-well  plates 
that  were  either  uncoated  or  precoated  with  fibronectin 
(30  /ig/ml).  After  60  min,  the  percentage  of  attached  cells  was 
measured  by  both  the  direct  counting  of  attached  and 
unattached  cells  using  a  Coulter  counter  or  by  scintillation 
counting  of  radiolabeled  cells  as  described  by  Grinnell  and 
Feld  (1979).  The  per  cent  attachment  was  calculated  as 
100  x  [attached/(attached  +  unattached)]. 

Radioio  dination 

The  iodination  of  VEGF165  was  carried  out  using  IODO- 
GEN  (Pierce,  Rockford,  IL,  USA)  as  described  previously 
(Soker  et  al,  1996).  125I-VEGF  was  then  purified  by  heparin 
affinity  chromatography  in  the  presence  of  gelatin  (10  /xg/ml). 
Aliquots  of  the  iodinated  VEGF  were  frozen  on  dry-ice  and 
stored  at  -70°C  until  needed.  The  specific  activity  of  125I- 
VEGF  was  approximately  5  x  104  c.p.m./ng  protein. 

Binding  and  cross-linking 

T47D  cells  were  grown  in  24-well  plates  or  in  60  mm  petri 
dishes.  After  reaching  confiuency,  they  were  transferred  to  an 
ice-cold  environment  and  washed  twice  with  ice-cold  PBS. 
125I-VEGF  (10  ng/ml)  was  added  to  F12  medium  containing 
25  mM  HEPES  (pH,  7.5)  and  0.2%  gelatin,  and  cells  were 
then  incubated  for  4  h  at  4°C.  At  the  end  of  the  incubation, 
cells  were  washed  three  times  with  ice-cold  PBS  supplemented 
with  0.1%  BSA,  lysed  in  buffer  containing  1%  Triton  X-100 
and  0.1%  BSA,  and  counted  in  a  y  counter  for  recovered 
radioactivity.  For  the  cross-linking  studies;  following  incuba¬ 
tion  for  4  h  in  60  mm  plates,  cells  were  treated  with  PBS 
containing  disuccinimidyl  suberate  (0.15  mM)  and  the  reac¬ 
tion  was  stopped  by  the  addition  of  200  jx\  of  quenching 
buffer  (10  mM  Tris-HCl,  pH  7.5,  200  mM  glycine,  and  2  mM 
EDTA).  Cells  were  then  washed  with  ice-cold  PBS,  scraped  in 
PBS  containing  1  mM  PMSF  and  1  mM  EDTA  and  centri- 
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fuged  for  30  s  prior  to  dissolving  pellets  in  lysis  buffer 
(10  mM  Tris-HCl.  pH  7.0,  0.5%  Nonidet  P-40,  0.5%  Triton 
X-100,  0.1  niM  EDTA,  and  1  mM  PMSF).  The  suspension 
was  centrifuged  and  aliquots  from  the  supernatant  were 
analysed  by  SDS-PAGE  followed  by  autoradiography. 

Mitogenic  response 

Mitogenic  response  of  T47D  cells  was  performed  as 
previously  described  (Miralem  et  al ,  1996b).  Briefly,  cells 
were  passaged  at  10s  cells/well  (24-well  plate)  and  grown 
either  on  plastic,  fibronectin,  collagen  type  I  or  IV,  Matrigel, 
and  poly-L-lysine-coated  plates  and  starved  to  arrest  cell 
growth.  A  mitogenic  response  in  the  quiescent  cells  was 
induced  with  VEGF,  VEGFj^i,  EGF,  heregulin,  or  fetal 
bovine  serum,  and  measured  by  [3H]thymidine  (6.7  Ci/mM, 
2  mCi/ml  for  45  min)  incorporation  at  different  time  points 
up  to  24  h.  After  being  labeled  with  [3H]thymidinc,  cells  were 
washed  three  times  with  5%  trichloroacetic  acid  at  OX, 
dissolved  with  0.1  m  NaOH,  and  radioactivity  was  measured 
by  using  scintillation  counter. 

RNA  isolation  and  Northern  blotting 

Total  RNA  was  isolated  using  an  RNA  kit  from  QIAGEN. 
The  electrophoresis  and  blotting  were  done  as  described 
(Miralem  et  al .,  1996a).  Briefly,  equal  amounts  of  RNA 
(~1 5 /ig)  were  denatured,  separated  by  electrophoresis  on 
agarose-formaldehyde  gels,  and  transferred  to  a  Hybond-N 
nylon  membrane  (Amersham-Pharmacia  Biotech).  Mem¬ 
branes  were  hybridized  with  c -fos  cDNA  that  was  labeled 
with  a-32P-dCTP.  Levels  of  mRNA  were  normalized  to  18S 
rRNA  after  probing  stripped  blots  with  labeled  cDNA  to  rat 
I8S  rRNA.  32P  labeling  of  probes  was  carried  out  with  a 
random  primer  DNA  labeling  kit  from  Boehringcr-Mann- 
heim  (Indianapolis.  IN,  USA).  The  rat  c -fos  cDNA,  cloned 
by  T  Curran  (11),  and  the  mouse  18S  rRNA  were  obtained 
from  DM  Templeton  (University  of  Toronto,  Ontario, 
Canada). 

MAPK  activity 

MAPK  activity  was  determined  by  the  ability  of  the 
immunoprecipitated  enzyme  to  phosphorylate  myelin  basic 
protein  (MBP)  (Ahn  et  al .,  1990)  in  an  in  vitro  kinase  assay. 
Immunoprecipitates  were  mixed  with  assay  buffer  containing 
20  mM  HEPES  (pH  7.4),  10  mM  MgCL,  2  mM  MnCl% 
0.5  mM  EGTA,  10  mM  NaF,  0.5  mM  Na3V04,  1  mM 

dithiothreitol,  0.5  mg/ml  MBP,  100  mM  ATP,  and  5  pC\  of 
[y-3~P]ATP,  and  incubated  at  30  C  for  30  min.  The  reaction 
was  stopped  by  the  addition  of  sample  buffer  for  electro¬ 
phoresis  according  to  Laemmli  (1970),  and  the  mixture  was 
separated  on  15%  SDS-PAGE  for  silver  staining  and 
autoradiography. 

PJ3K  activity 

Cells  were  lysed  in  buffer  A  containing  137  mM  NaCl,  20  mM 
Tris-HCl,  pH  7.4,  1  mM  CaCL,  1  niM  MgCL,  1%  NP-40, 

1  mM  PMSF  and  0.1  mM  Na3V04,  and  then  cytosolic 
extracts  were  immunoprecipitated  with  anti-phosphotyrosine 
antibody  (PY20).  Precipitates  were  subjected  to  an  in  vitro 
kinase  assay  using  y[32P]ATP  and  phosphatidylinositol  as 
substrates,  according  to  Derman  et  al.  (1996).  Briefly,  beads 
were  washed  and  incubated  for  10  min  at  room  temperature 
in  kinase  buffer  containing  0.5  mM  ATP,  20  mM  MgCL, 
50  mM  HEPES.  pH  7.0,  0.25  mg/ml  phosphatidylinositol  and 


30  pC'i  of  [y-32P]ATP  (3000  Ci/mmol).  Lipids  were  than 
extracted  by  CHCl3:CH3OH  (1:1)  mixture,  separated  on 
oxalate-coated  thin-layer  chromatography  plates  (EM 
Science,  Gibbstown,  NJ,  USA)  in  developing  solution 
containing  CHCI3:CH30H:H20:NH40H  [60 : 47 :  fl,3 : 2],  fol¬ 
lowed  by  autoradiography. 

Imnnmoblotting 

Cells  were  lysed  in  the  lysis  buffer  A,  and  lysates  or 
immunoprecipitats  were  subjected  to  SDS-PAGE  according 
to  Laemmli  (1970).  Separated  proteins  were  transferred  to 
PVDF  membranes  in  25  mM  Tris  and  192  mM  Glycine 
(pH  8.3)  containing  15%  methanol,  and  then  blocked  with 
5%  BSA  and  5%  Carnation  milk  in  30  mM  Tris-HCl 
(pH  7.4)  containing  137  mM  NaCl,  2.6  mM  KC1  and  0.05% 
Tween  20.  Membranes  were  then  probed  with  either  anti-Erk- 
2  antibody,  polyclonal  rabbit  anti-phospho-Erk  antibody, 
monoclonal  mouse  anti-phosphotyrosine  antibody  4G10, 
monoclonal  mouse  anti-actin  antibody,  polyclonal  rabbit 
anti-Akt,  polyclonal  rabbit  anti-Flt-4  antibody,  monoclonal 
mouse  anti-Flk-1  antibody,  polyclonal  goat  anti-Flt-1  anti¬ 
body  or  polyclonal  rabbit  anti-phospho-Ser-473  Akt  anti¬ 
bodies,  and  immunoreactive  bands  were  detected  with  the 
NEN-Biolab  (Boston,  MA,  USA)  enhanced  chemilumines¬ 
cence  system,  followed  by  autoradiography. 

Migration  assay 

Transwell  membranes  (Corning  Costar  Corporation,  Cam¬ 
bridge,  MA,  USA)  were  coated  with  matrigel  (MTR;  2.5  pgf 
ml)  or  MTR  plus  fibronectin  (30  /fg/ml),  and  dry  coatings 
were  exposed  to  DMEM  for  1-2  h  prior  to  cell  passage. 
Cells  were  trypsinized,  centrifuged  and  resuspended  at 
approximately  107/ml  in  DMEM  containing  0.2%  BSA,  and 
then  seeded  onto  precoated  transwells  in  the  same  medium 
alone  (control)  or  in  medium  supplemented  with  heparin 
(1  ^g/ml),  HRG  (20  iim),  VEGF  (100  ng./ml),  VEGF  + hepar¬ 
in,  VEGF]2i  (100  ng/ml)  or  VEGF121  +  heparin.  Some  cells 
were  pretreated  for  30  min  either  with  genistein  (10  //M), 
PD98059  (50  /jm),  U0126  (10 //M),  or  LY294002  (10  /<m) 
prior  to  cell  detachment,  or  with  blocking  anti-/?}  integrin 
(10^g/ml)  or  blocking  anti-x6  integrin  (\0  pg!m\)  antibodies 
prior  to  treatment  with  VEGF  in  the  presence  of  heparin. 
The  bottom  wells  of  the  transwell  contained  600  /d  of  the 
same  medium  as  the  upper  wells  but  without  the  cells.  After 
24  h,  the  membranes  were  swabbed  with  Q-tips  and  exposed 
to  methanol,  followed  by  treatment  with  crystal  violet  prior 
to  counting  cell  number  under  a  phase-contrast  microscope. 


Abbreviations 

VEGF,  vascular  endothelial  growth  factor;  HRG,  here¬ 
gulin;  MTR,  matrigel;  ECM,  extracellular  matrix;  GAG, 
glycosaminoglycan;  PI3K,  phosphatidylinositol  3-kinase; 
ERK,  extracellular  regulated  kinase;  MAPK,  mitogen- 
activated  protein  kinase;  PDGF,  platelet-derived  growth 
factor;  FBS,  fetal  bovine  serum:  SDS-PAGE,  sodium 
dodecyl  sulfate-polyacrylamide  gel  electrophoresis;  HSPG, 
heparin  sulfate  proteoglycan;  FN,  fibronectin,  MEK, 
mitogen-activated  kinase-kinase;  AKT,  Akt  kinase;  a-,  b- 
FGF,  acidic-,  basic-fibroblast  growth  factor. 

Note  added  in  proof 

Unless  otherwise  stated,  all  notation  of  VEGF  refers  to  the 
VEGF165  isoform. 
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Hypoxia,  a  strong  inducer  for  vascular  endothelial 
growth  factor  (VEGF)/vascular  permeable  factor  (VPF) 
expression,  regulates  leukocyte  infiltration  through  the 
up-regulation  of  adhesion  molecules  and  chemokine  re¬ 
lease.  To  determine  whether  VEGF/VPF  is  directly  in¬ 
volved  in  chemokine  secretion,  we  analyzed  its  effects 
on  chemokine  expression  in  human  brain  microvascular 
endothelial  cells  (HBMECs)  by  using  a  human  cytokine 
cDNA  array  kit.  Cytokine  array  analysis  revealed  a  sig¬ 
nificant  increase  in  expression  of  monocyte  chemoat¬ 
tractant  protein- 1  and  the  chemokine  receptor  CXCR4 
in  HBMECs,  a  result  similar  to  that  described  previously 
in  other  endothelial  cells.  Interestingly,  we  also  ob¬ 
served  that  VEGF/VPF  induced  interleukin-8  (IL-8)  ex¬ 
pression  in  HBMECs  and  that  IL-8  mRNA  was  maximal 
after  1  h  of  VEGF/VPF  treatment  of  the  cells.  Enzyme- 
linked  immunosorbent  assay  data  and  immunoprecipi- 
tation  analysis  revealed  that  although  VEGF/VPF  in¬ 
duced  IL-8  expression  at  the  translational  level  in 
HBMECs,  basic  fibroblast  growth  factor  failed  to  induce 
this  protein  expression  within  12  h.  VEGF/VPF  in¬ 
creased  IL-8  production  in  HBMECs  through  activation 
of  nuclear  factor-KB  via  calcium  and  phosphatidylinosi- 
tol  3-kinase  pathways,  whereas  the  ERK  pathway  was 
not  involved  in  this  process.  Supernatants  of  the  VEGF/ 
VPF-treated  HBMECs  significantly  increased  neutro¬ 
phil  migration  across  the  HBMEC  monolayer  compared 
with  those  of  the  untreated  control.  Furthermore,  addi¬ 
tion  of  anti-IL-8  antibody  blocked  this  increased  migra¬ 
tion,  indicating  that  VEGF/VPF  induced  the  functional 
expression  of  IL-8  protein  in  HBMECs.  Taken  together, 
these  data  demonstrate  for  the  first  time  that  VEGF/VPF 
induces  IL-8  expression  in  HBMECs  and  contributes  to 
leukocyte  infiltration  through  the  expression  of  chemo- 
kines,  such  as  IL-8,  in  endothelial  cells. 
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Brain  edema  is  a  major  life-threatening  complication  in  a 
variety  of  brain  injuries,  including  those  caused  by  stroke 
and  tumors.  The  common  form  of  brain  edema  is  defined  by 
the  disruption  of  the  blood-brain  barrier  (BBB)  (1).  The  BBB, 
which  constitutes  the  endothelium  and  its  surrounding  cells, 
is  an  anatomic  structure  that  is  defined  mainly  by  tight 
junctions  between  the  brain  endothelial  cells.  These  junc¬ 
tions  strictly  regulate  the  flow  of  ions,  nutrients,  and  cells 
into  the  brain. 

Hypoxia  is  believed  to  be  a  precondition  for  edema  develop¬ 
ment  in  the  brain  and  mediates  leukocyte  infiltration  through 
the  up-regulation  of  adhesion  molecules  and  chemokine  release 
(2,  3).  Hypoxia  has  been  shown  to  contribute  to  the  leakage  of 
the  BBB  by  inducing  increases  in  vascular  permeability  (4,  5). 
Hypoxia  is  a  strong  inducer  of  vascular  endothelial  growth 
factor  (VEGF),  also  known  as  vascular  permeability  factor 
(VPF)  (6,  7). 

VEGF/VPF  has  shown  potent  vascular  permeable  activity  (8, 
9)  and  significant  mitotic  activity  specific  to  vascular  endothe¬ 
lial  cells  (10).  VEGF/VPF  induces  signaling  mediated  by  its 
receptors,  the  Flt-1  and  Flk-l/KDR  tyrosine  kinases,  whose 
expressions  are  restricted  almost  exclusively  to  endothelial 
cells  (11).  Expression  of  VEGF/VPF  has  been  identified  in  cells 
correlated  with  brain  inflammation,  including  microglial  cells 
and  reactive  astrocytes,  suggesting  its  central  role  in  inflam¬ 
mation  of  the  central  nervous  system  (12,  13).  For  example, 
enhanced  expression  of  VEGF/VPF  and  its  receptors  was 
shown  to  be  induced  in  the  rat  brain  after  focal  cerebral  ische¬ 
mia  (14-16)  and  to  mediate  brain  injuries  through  leakage  of 
the  BBB  in  the  ischemic  brain  (17).  However,  edema  formation 
and  brain  damage  after  ischemia  or  stroke  were  reduced  sig¬ 
nificantly  by  antagonism  of  VEGF/VPF  or  by  inhibition  of  its 
signaling  pathway  (18, 19),  indicating  that  VEGF/VPF  is  a  key 
mediator  in  the  pathogenesis  of  these  disorders. 

VEGF/VPF  induces  expression  of  the  monocyte  chemoattrac¬ 
tant  protein- 1  (MCP-1)  in  bovine  retinal  endothelial  cells  (20) 
and  of  the  SDF-1  receptor  CXCR4  in  human  umbilical  vein 
endothelial  cells  (21).  These  reports  suggest  that  VEGF/VPF 
not  only  mediates  brain  injuries  through  the  leakage  of  the 
BBB,  but  also  may  have  a  relevant  role  in  the  recruitment  of 
leukocytes  through  the  up -regulation  of  chemokines.  However, 
its  role  in  the  regulation  of  chemokines  is  not  well  elucidated 
because  of  the  redundancy  of  chemokines.  Chemokines  are  a 
superfamily  of  small,  cytokine-like  proteins  that  induce  the 
directional  migration  of  various  hematopoietic  cells  through 
their  interaction  with  G  protein -coupled  receptors  (22,  23).  To 
date,  44  chemokines  and  21  chemokine  receptors  have  been 
described  (23). 

In  this  study,  we  examined  the  effects  of  VEGF/VPF  on 
chemokine  expression  in  human  brain  microvascular  endothe- 
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„  lial  cells  (HBMECs)  using  a  human  cytokine  cDNA  array  kit 
containing  34  chemokines  and  14  chemokine  receptors.  We 
isolated  total  RNA  from  unstimulated  and  VEGF/VPF-stimu- 
lated  HBMECs  and  analyzed  the  gene  expression  of  both  sam¬ 
ples  by  hybridizing  them  with  the  cytokine  cDNA  array.  Our 
results  demonstrate  that  VEGF/VPF  significantly  increased 
MCP-1  and  CXCR4  expression  in  HBMECs,  similar  to  results 
reported  in  other  endothelial  cell  types  (20,  21).  Interestingly, 
we  also  found  that  VEGF/VPF  induced  interleukin-8  (IL-8) 
expression  in  HBMECs.  IL-8,  which  belongs  to  the  CXC  che¬ 
mokine  family,  is  a  potent  chemoattractant  for  neutrophils  and 
T  lymphocytes  but  not  monocytes  (22).  In  this  report,  we  have 
characterized  IL-8  expression  and  secretion  upon  VEGF  stim¬ 
ulation  of  HBMECs  and  determined  the  role  of  IL-8  in  modu¬ 
lating  neutrophil  transendothelial  migration. 

Based  on  these  observations  we  suggest  that,  in  addition  to 
its  angiogenic  activity  and  vascular  permeable  property,  VEGF/ 
VPF  has  a  role  as  an  indirect  leukocyte  migrating  factor 
through  the  up-regulation  of  chemokines  including  MCP-1  and 
IL-8. 

EXPERIMENTAL  PROCEDURES 

Materials — VEGF/VPF,  bFGF,  the  human  cytokine  cDNA  array  kit, 
IL-8,  IL-8  antibody,  the  IL-8  enzyme-linked  immunosorbent  assay 
(ELISA)  kit,  quantitative  IL-8  mRNA  kits,  and  the  SDF-la  ELISA  kit 
were  purchased  from  R&D  Systems  (Minneapolis).  TMB-8,  PD98059, 
LY294002,  chelerythrine  chloride,  cycloheximide,  l-NAME,  and  SU- 
1498  were  purchased  from  Calbiochem.  Fibronectin  was  purchased 
from  Roche  Molecular  Biochemicals.  Von  Willebrand  factor  was  pur¬ 
chased  from  Dako  (Carpinteria,  CA).  Matrigel  and  PDTC  were  pur¬ 
chased  from  Sigma.  Acetylated  low  density  lipoprotein  (AcLDL)  was 
purchased  from  Biomedical  Technologies,  Inc.  (Stoughton,  MA). 

Cell  Culture — HBMECs  were  purchased  from  Cell  Systems,  Inc. 
(Kirkland,  WA).  The  cells  were  seeded  onto  attachment  factor-coated 
culture  plates  and  maintained  in  CSC-complete  medium  according  to 
the  protocol  of  the  manufacturer. 

Cytokine  cDNA  Array— HBMECs  were  grown  subconfluently  onto 
attachment  factor-coated  100-mm  dishes.  The  cells  were  starved  in 
0.5%  FBS  containing  serum-free  CSC  medium  for  4  h  and  then  stimu¬ 
lated  with  30  ng/ml  VEGF  for  5  h.  Total  RNA  preparation  and  hybrid¬ 
ization  procedures  were  performed  according  to  the  manufacturer’s 
protocol.  Briefly,  equal  amounts  (2  pg)  of  total  RNA  from  unstimulated 
or  VEGF-stimulated  HBMECs  were  used  for  the  cytokine  cDNA  array 
analysis,  with  a  commercially  available  membrane  (R&D  Systems).  The 
membranes  were  prehybridized  at  68  °C  for  2  h  in  a  hybrid  solution 
(R&D  Systems)  containing  100  pg/ml  freshly  boiled  salmon  sperm 
DNA,  after  which  the  cDNA  probes  were  hybridized  onto  the  mem¬ 
branes  at  68  °C  for  18  h.  The  membranes  were  washed  three  times  in 
low  stringency  washing  buffer  (2  x  SSC  and  1%  SDS)  and  three  times 
in  high  stringency  washing  buffer  (0.1  X  SSC  and  0.5%  SDS)  at  68  °C 
for  20  min  each.  The  membranes  were  exposed  on  a  Phosphorlmager 
(Molecular  Dynamics,  Sunnyvale,  CA)  and  analyzed  using  Array  Vi¬ 
sion®  software  (Imaging  Research  Inc.,  Ontario,  Canada). 

Measurement  of  IL-8  mRNA — The  amount  of  IL-8  mRNA  was  meas¬ 
ured  using  quantitative  IL-8  mRNA  kits  as  directed  by  the  manufac¬ 
turer.  Briefly,  HBMECs  were  grown  subconfluently  in  CSC-complete 
medium  in  gelatin -coated  60-mm  dishes.  The  medium  was  replaced  by 
serum-free  CSC  medium  containing  0.5%  FBS,  and  the  cells  were 
starved  for  4  h.  After  incubation  with  VEGF/VPF  for  the  indicated 
times,  total  RNA  was  isolated,  and  equal  amounts  (2  pg)  were  evalu¬ 
ated  for  IL-8  content  using  quantitative  IL-8  mRNA  kits. 

Measurement  of  IL-8  or  SDF-la  by  ELISA — Chemokine  release  was 
quantitated  by  ELISA  as  directed  by  the  manufacturer.  Briefly,  HB¬ 
MECs  were  grown  subconfluently  in  CSC-complete  medium  in  gelatin- 
coated  24-well  plates.  The  medium  was  replaced  by  serum-free  CSC 
medium  containing  0.5%  FBS,  and  the  cells  were  starved  for  4  h. 
Synthetic  inhibitors  were  added  to  the  cells  for  1  h  before  the  assay  was 
initiated.  After  incubation  for  the  indicated  times,  the  culture  superna¬ 
tant  was  removed  and  evaluated  for  IL-8  content  using  the  ELISA  kit. 

Immunoprecipitation  and  Western  Blot  Analysis  of  IL-8 — HBMECs 
were  grown  subconfluently  onto  attachment  factor-coated  100-mm 
dishes.  The  cells  were  starved  in  5  ml  of  0.5%  FBS  containing  serum- 
free  CSC  medium  for  4  h  and  then  stimulated  with  30  ng/ml  VEGF  or 
30  ng/ml  bFGF  for  12  h.  After  incubation,  5  ml  of  supernatant  from 
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Fig.  1.  Characterization  of  HBMECs.  50,000  HBMECs  were  cul¬ 
tured  onto  24- well  plates  coated  with  150  pi  of  Matrigel  for  12  h,  and 
then  50  pg  of  AcLDL  was  added  to  the  wells.  After  2  h,  the  cells  were 
washed  and  fixed  by  3.7%  formaldehyde.  Tubular-like  networks  {panel 
A)  and  AcLDL  uptake  ( panel  B )  were  observed  under  an  inverted 
fluorescent  microscope  equipped  with  a  light  ramp. 

HBMECs  was  harvested  and  incubated  with  5  pg  of  human  IL-8- 
specific  goat  IgG  at  4  °C.  After  overnight  incubation,  protein  G-Sepha- 
rose  at  1:100  was  added  to  the  reaction  mixture  and  incubated  for  6  h. 
The  immune  complexes  were  precipitated  with  the  Sepharose  beads, 
washed,  and  resuspended  in  SDS-PAGE  sample  buffer  with  reducing 
agent.  The  samples  were  separated  by  15%  SDS-PAGE  and  transferred 
onto  nitrocellulose  membrane  (Millipore,  Boston,  MA).  The  membranes 
were  blocked  with  5%  nonfat  dried  milk  in  phosphate-buffered  saline 
and  subsequently  incubated  with  goat  anti-human  IL-8  antibody  for  2  h 
at  room  temperature.  Bound  antibodies  were  detected  by  horseradish 
peroxidase-conjugated  anti-goat  IgG  and  enhanced  chemiluminescence 
(Amersham  Biosciences,  Inc.). 

Adenoviral  Infection  of  HBMECs — An  adenoviral  construct  encoding 
a  constitutively  active  form  of  Akt  (Ad-myrAkt)  was  constructed  as 
described  previously  (24).  HBMECs  were  grown  subconfluently  in  CSC- 
complete  medium  in  gelatin-coated  six-well  plates.  The  medium  was 
replaced  by  serum-free  CSC  medium  containing  0.5%  FBS,  and  the  cells 
were  starved  for  4  h.  HBMECs  were  infected  with  Ad-myrAkt  at  a 
multiplicity  of  infection  of  100.  A  synthetic  inhibitor  of  nuclear  fac- 
tor-KB  (NF-kB),  PDTC  (20  pM),  was  added  to  the  cells  for  1  h  before 
infection.  After  incubation  for  24  h,  the  culture  supernatant  was  re¬ 
moved  and  evaluated  for  IL-8  content  using  the  ELISA  kit.  Alterna¬ 
tively,  the  cells  were  lysed,  and  50  pg  of  total  protein  was  resolved  by 
12%  SDS-PAGE  and  subjected  to  Western  blot  analysis  by  using  rabbit 
anti-human  phospho-Akt  antibody  (New  England  Biolabs,  Beverly, 
MA).  To  verily  the  amount  of  loaded  proteins,  blots  were  reprobed  with 
rabbit  anti-human  C-terminal  SRC  kinase  antibody. 

Isolation  of  Neutrophils — Human  neutrophils  were  purified  from 
normal  donors  by  dextran  sedimentation  and  Ficoll  gradient  centrifu¬ 
gation  followed  by  hypotonic  lysis  of  erythrocytes  (25).  Neutrophils  were 
then  resuspended  in  serum-free  CSC  medium  containing  0.5%  FBS. 
The  purity  of  neutrophils  prepared  in  this  way  was  >95%  as  judged  by 
the  morphology  of  stained  cytocentrifuged  preparations,  and  the  viabil¬ 
ity  was  >98%  as  judged  by  trypan  blue  exclusion. 

Transendothelial  Migration  Assay— HBMECs  were  grown  conflu- 
ently  onto  gelatin-coated  100-mm  dishes.  The  cells  were  starved  in  5  ml 
of  0.5%  FBS  containing  serum-free  CSC  medium  for  4  h  and  then 
stimulated  with  30  ng/ml  VEGF  for  12  h.  After  incubation,  5  ml  of 
supernatant  from  HBMECs  was  harvested  and  stored  frozen  at  -20  °C 
before  use.  Transendothelial  migration  of  neutrophils  was  performed 
using  Transculture  chambers  with  pore  size  of  3  pm  (Costar  Corp., 
Corning,  NY).  Approximately  100,000  HBMECs  were  added  to  fibronec- 
tin-coated  24-well  Transculture  chambers  and  grown  for  4  days  in  5% 
C02  at  37  °C.  The  medium  was  replaced  every  day  with  fresh  medium. 
0.6  ml  of  medium  from  untreated  or  VEGF/VPF-treated  HBMECs  was 
added  to  the  lower  compartment.  Media  that  were  not  exposed  to  cells 
were  used  as  the  control.  20  pg/ml  human  IL-8-specifie  goat  antibody  or 
20  pg/ml  normal  goat  antibody  was  added  to  the  VEGF/VPF-treated 
supernatant  for  1  h  before  the  assay  was  initiated,  as  indicated.  In  the 
upper  compartment,  1  x  106  neutrophils  in  0.1  ml  of  0.5%  FBS  con¬ 
taining  serum-free  CSC  medium  were  added  onto  the  HBMEC  mono- 
layer.  The  chambers  were  incubated  for  2  h  at  37  °C  in  5%  C02.  The 
cells  in  the  lower  compartments  were  counted  on  a  hemocytometer.  The 
results  are  presented  as  the  means  ±  S.D.  of  three  separate  experi¬ 
ments  and  are  expressed  as  the  increase  in  the  number  of  cells  migrat¬ 
ing  toward  the  lower  compartment. 

RESULTS 

Characterization  of  HBMECs — The  HBMECs  formed  tubu¬ 
lar-like  networks  on  Matrigel  (Fig.  1A)  and  had  the  ability  to 
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Control  VEGF/VPF 

Fig.  2.  Cytokine  cDNA  array  of  HBMECs.  HBMECs  were  grown  subconfluently  onto  attachment  factor-coated  100-mm  dishes.  The  cells  were 
starved  in  0.5%  FBS  containing  serum-free  CSC  medium  for  4  h  and  then  stimulated  with  30  ng/ml  VEGF  for  5  h.  Total  RNA  preparation  and 
hybridization  were  performed  as  described  under  “Experimental  Procedures.”  The  hybridized  membranes  were  exposed  on  a  Phosphorlmager  and 
analyzed  by  using  ArrayVision®  software.  CK  indicates  the  region  containing  cDNA  spots  corresponding  to  the  chemokines  and  their  receptors. 
The  numbers  indicate  spots  that  were  increased  significantly  in  the  VEGF/VPF-treated  HBMECs.  1 ,  IL-8;  2,  MCP-1;  3,  CXCR4. 


uptake  AcLDL  (Fig.  IB),  indicating  that  these  cells  maintained 
the  general  properties  of  endothelial  cells.  The  cells  also  pro¬ 
duced  von  Willebrand  factor  (data  not  shown),  an  endothelium- 
specific  marker.  During  the  course  of  the  experiment,  the  cells 
were  used  until  passages  4  to  10  and  checked  repeatedly  for 
expression  of  von  Willebrand  factor. 

VEGF/VPF  Predominantly  Up-regulates  IL-8 ,  MCP-1,  and 
CXCR4  mRNA  Expression — To  examine  whether  VEGF/VPF 
induces  chemokines  or  their  receptors  in  HBMECs,  we  used  a 
cytokine  cDNA  array  containing  34  chemokines  and  14  chemo- 
kine  receptors.  We  isolated  total  RNA  from  unstimulated  and 
VEGF/VPF-stimulated  HBMECs  (5-h  stimulation).  The  cyto¬ 
kine  cDNA  membranes  were  hybridized  and  exposed  on  a  Phos¬ 
phorlmager  and  then  analyzed  using  Array  Vision®  software. 
The  results  showed  that  VEGF/VPF  predominantly  up-regu¬ 
lated  IL-8,  MCP-1,  and  CXCR4  mRNA  expression  in  HBMECs 
(Fig.  2  and  Table  I).  Our  data  are  consistent  with  previous 
studies  showing  that  VEGF/VPF  induces  expression  of  MCP-1 
and  CXCR4  in  other  endothelial  cells  (20,  21).  Interestingly,  we 
also  found  that  VEGF/VPF  significantly  increased  IL-8  mRNA 
expression  in  HBMECs  (Fig.  2  and  Table  I).  To  determine 
further  whether  VEGF/VPF  regulates  IL-8  expression  at  the 
mRNA  level,  HBMECs  were  exposed  to  VEGF/VPF  for  various 
times,  and  the  amount  of  IL-8  mRNA  was  determined  by  using 
a  quantitative  IL-8  mRNA  kit.  The  results  showed  that  VEGF/ 
VPF  induced  IL-8  mRNA  expression.  This  expression  reached  a 
maximal  level  of  transcription  at  1  h  (13-fold  increase  com¬ 
pared  with  control)  and  decreased  to  control  levels  at  12  h  (Fig. 

3) .  These  data  indicate  that  VEGF/VPF  induced  expression  of 
IL-8  mRNA  in  a  rapid  and  transient  manner. 

VEGF/VPF  but  Not  bFGF  Induces  Rapid  Secretion  of  IL-8 
Protein  in  HBMECs — Next,  to  determine  whether  IL-8  expres¬ 
sion  was  regulated  at  the  protein  level,  the  supernatants  of 
VEGF/VPF-treated  HBMECs  were  collected  and  analyzed  for 
IL-8  secretion  by  ELISA.  When  HBMECs  were  exposed  to 
different  concentrations  (1,  10, 30, 100  ng/ml)  of  VEGF/VPF  for 
24  h,  increased  IL-8  production  with  a  maximal  level  of  trans¬ 
lation  at  30  ng/ml  was  observed  (data  not  shown).  At  this 
concentration,  VEGF/VPF  increased  IL-8  production  by  as 
early  as  3  h,  and  this  increase  was  sustained  for  up  to  32  h  (Fig. 

4) .  We  also  determined  whether  the  leukocyte  chemoattractant 
SDF-la  was  induced  by  VEGF/VPF.  When  the  supernatants  of 
the  30  ng/ml  VEGF/VPF-treated  HBMECs  were  tested  by  spe¬ 
cific  SDF-la  ELISA,  we  observed  no  increase  in  SDF-la  pro¬ 
tein  in  these  supernatants  compared  with  the  untreated  con¬ 


trol  (data  not  shown).  These  results  are  in  agreement  with  the 
results  of  the  cytokine  cDNA  array  shown  in  Fig.  2  and  Table  I. 

In  addition,  we  examined  whether  bFGF,  known  as  a  potent 
mitogen  to  endothelial  cells,  increased  IL-8  or  SDF-la  produc¬ 
tion  in  HBMECs.  Within  12  h  of  30  ng/ml  bFGF  treatment,  we 
observed  no  increase  in  IL-8  protein  in  the  samples  compared 
with  the  untreated  controls.  However,  after  12  h  of  bFGF 
treatment,  the  amount  of  IL-8  in  the  samples  was  greater  than 
that  in  the  untreated  controls,  although  it  was  much  smaller 
than  in  the  VEGF/VPF-treated  samples  (Fig.  4).  On  the  other 
hand,  we  observed  no  increase  in  SDF-la  protein  in  the  super¬ 
natants  of  the  bFGF-treated  HBMECs  compared  with  the  un¬ 
treated  control  (data  not  shown). 

To  confirm  the  molecular  characterization  of  the  VEGF/VPF- 
induced  IL-8  protein  expression,  we  performed  immunoprecipi- 
tation  and  Western  blot  analysis.  For  these  studies,  superna¬ 
tants  from  untreated,  VEGF/VPF-,  or  bFGF-treated  HBMECs 
were  incubated  with  goat  anti-human  IL-8  antibody,  and  the 
immune  complexes  precipitated  with  protein  G-Sepharose 
were  then  analyzed  by  Western  blotting.  As  seen  in  Fig.  5,  a 
significant  increase  in  the  band  corresponding  to  a  molecular 
mass  of  ~8  kDa  was  detected  in  the  VEGF/VPF-treated  condi¬ 
tioned  medium.  This  VEGF/VPF-induced  band  migrated  to  a 
position  similar  to  that  of  the  human  recombinant  IL-8.  These 
results  support  the  molecular  identity  of  the  VEGF/VPF-in- 
duced  IL-8  as  being  comparable  with  that  of  the  recombinant 
IL-8.  Therefore,  VEGF/VPF  stimulated  the  secretion  of  IL-8 
protein  in  HBMECs. 

Cycloheximide  and  SU-1498  Inhibit  VEGF/VPF-induced 
IL-8  Production  in  HBMECs — To  confirm  further  that  VEGF/ 
VPF  up-regulated  IL-8  expression  via  new  protein  synthesis  in 
HBMECs,  the  protein  synthesis  inhibitor  cycloheximide  was 
used  to  treat  HBMECs  for  12  h,  and  VEGF/VPF-induced  IL-8 
production  was  then  evaluated  by  ELISA.  As  shown  in  Fig.  6, 
10  /jim  cycloheximide  was  enough  to  block  VEGF/VPF-induced 
IL-8  production  in  HBMECs  potently.  In  addition,  VEGF/VPF- 
induced  IL-8  production  was  also  inhibited  significantly  by  10 
jiu  SU-1498,  an  inhibitor  of  its  receptor  Flk-l/KDR  (Fig.  6). 
These  data  demonstrate  that  VEGF/VPF  increased  IL-8  pro¬ 
duction  at  the  translational  level  through  its  receptor  in 
HBMECs. 

NF-kB  Mediates  VEGF/VPF-induced  IL-8  Production  in 
HBMECs — VEGF/VPF  has  been  shown  to  stimulate  several 
molecules  mediating  intracellular  signals,  including  mitogen- 
activated  protein/extracellular  signal-regulated  kinase  (ERK) 
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Table  I 

Expression  of  chemokines  and  their  receptors  in 
VEGF  /  VPF-  treated  HBMECs 

The  cytokine  cDNA  membranes  were  hybridized  with  total  RNA 
isolated  from  unstimulated  and  VEGF/VPF-stimulated  HBMECs.  The 
membranes  were  exposed  on  a  Phosphorlmager  and  analyzed  using 
ArrayVision™  software.  Bold  lettering  indicates  expression  (in  un¬ 
treated  or  VEGF/VPF-treated  HBMECs)  of  chemokines  and  their  re¬ 
ceptors  that  have  sVOL  values  over  2  and  that  are  visualized  as  spots 
on  the  scanned  images,  as  shown  in  Fig.  2.  Asterisks  indicate  chemo- 
kine  or  chemokine  receptor  expression  that  is  increased  significantly  in 
the  VEGF/VPF-treated  HBMECs.  sVOL  is  the  subtracted  volume  value 
derived  by  subtracting  the  background  volume  value  from  the  volume 
value  of  the  spot.  Genomic  DNAs  represent  the  positive  controls  for  the 
hybridizations.  The  results  are  presented  as  the  means  of  two  spots. 


Chemokines  and 
chemokine  receptors 

Control  sVOL 

VEGF  sVOL 

VEGF/control 
ratio  (VOL) 

Midkine 

22.56 

27.30 

1.21 

MIG 

-0.12 

0.82 

-6.83 

MIP-la 

-0.32 

0.58 

-1.80 

M3P-1/3 

-0.12 

0.98 

-8.13 

MIP-3a 

0.60 

0.22 

0.36 

MIP-3/3 

0.60 

0.18 

0.29 

6Ckine 

0.84 

1.14 

1.35 

MPIF-1 

2.00 

1.34 

0.67 

BLC/BCA-1 

0.60 

0.46 

0.76 

PARC 

0.68 

0.86 

1.26 

IP-10 

0.32 

-0.82 

-2.58 

RANTES 

0.40 

0.30 

0.74 

ENA-78 

0.36 

1.30 

3.60 

SDF-1 

3.12 

3.66 

1.17 

Eotaxin 

0.40 

0.50 

1.24 

TARC 

1.32 

0.34 

0.25 

Eotaxin-2 

1.08 

0.86 

0.79 

TECK 

0.60 

-0.50 

-0.84 

Decorin 

0.68 

0.50 

0.73 

Fractalkine 

1.24 

-0.06 

-0.05 

GRO-a 

1.12 

0.22 

0.19 

GRO-/3 

2.52 

0.90 

0.36 

GRO-y 

2.96 

2.30 

0.78 

HCC-1 

2.20 

2.42 

1.10 

HCC-4 

0.96 

1.34 

1.39 

1-309 

0.88 

1.98 

2.25 

Chemokines  and 
chemokine  receptors 

Control  sVOL 

VEGF  sVOL 

VEGF/control 
ratio  (VOL) 

IL-8* 

1.20 

4.74 

3.95 

LDGF 

1.32 

0.06 

0.04 

Lymphotactin 

0.44 

1.18 

2.67 

MCP-1* 

4.72 

8.54 

1.81 

MCP-2 

2.96 

1.86 

0.63 

MCP-3 

1.04 

0.46 

0.44 

MCP-4 

0.08 

-0.78 

-9.80 

MDC 

0.12 

-0.34 

-2.87 

CCR-1 

1.68 

-0.06 

-0.04 

CCR-2A 

1.48 

0.38 

0.25 

CCR-2B 

-0.16 

-0.38 

2.40 

CCR-3 

1.64 

0.38 

0.23 

CCR-4 

1.32 

-0.42 

-0.32 

CCR-5 

1.16 

0.58 

0.50 

CCR-6 

-0.56 

0.34 

-0.60 

CCR-7 

1.72 

0.10 

0.06 

CCR-9 

1.36 

0.46 

0.34 

CX3CR-1 

1.99 

0.30 

0.15 

CXCR-1 

0.88 

0.86 

0.97 

CXCR-2 

2.60 

1.54 

0.59 

CXCR-4* 

25.44 

36.78 

1.45 

CXCR-5 

4.76 

4.50 

0.94 

Genomic  DNA 

224.16 

213.10 

0.95 

Genomic  DNA 

217.36 

227.34 

1.05 

Genomic  DNA 

225.72 

207.10 

0.92 

Genomic  DNA 

223.92 

228.74 

1.02 

kinase  (MEK),  phosphatidylinositol  3-kinase  (PI3-kinase),  pro¬ 
tein  kinase  C,  and  calcium  in  endothelial  cells  (26,  27).  Because 
there  are  multiple  VEGF/VPF  signaling  pathways,  we  examined 
which  of  these  pathways  were  responsible  for  the  increased  IL-8 
production  in  HBMECs.  As  shown  in  Fig.  7A,  the  intracellular 
calcium  chelator  TMB-8  (10  pu)  and  PI3-kinase  inhibitor 
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Fig.  3.  Induction  of  IL-8  mRNA  by  VEGF/VPF  in  HBMECs.  The 

amount  of  IL-8  mRNA  was  measured  as  described  under  “Experimental 
Procedures.”  Briefly,  HBMECs  were  grown  subconfluently  in  CSC- 
complete  medium  in  gelatin-coated  60-mm  dishes.  The  medium  was 
replaced  by  serum-free  CSC  medium  containing  0.5%  FBS,  and  the  cells 
were  starved  for  4  h.  After  incubation  with  VEGF/VPF  for  the  indicated 
times,  total  RNA  was  isolated,  and  equal  amounts  (2  pg)  of  total  RNA 
were  evaluated  for  IL-8  content  using  a  quantitative  IL-8  mRNA  kit. 
One  atmol  of  human  IL-8  was  considered  to  be  524  fg  according  to  the 
protocol  of  the  manufacturer.  The  results  are  presented  as  the  means  ± 
S.D.  of  triplicate  samples. 


Fig.  4.  VEGF/VPF  but  not  bFGF  induces  rapid  secretion  of 
IL-8  protein  in  HBMECs.  HBMECs  were  grown  subconfluently  in 
CSC-complete  medium  in  gelatin-coated  24-well  plates.  The  medium 
was  replaced  by  serum-free  CSC  medium  containing  0.5%  FBS,  and  the 
cells  were  starved  for  4  h.  After  incubation  with  VEGF/VPF  or  bFGF  for 
the  indicated  times,  the  culture  supernatants  were  removed  and  eval¬ 
uated  for  IL-8  secretion  using  the  ELISA  kit.  The  results  are  presented 
as  the  means  ±  S.D.  of  duplicate  samples  and  are  representative  of 
three  individual  studies. 


IP:  IL-8  antibody 
WB:  IL-8  antibody 


Fig.  5.  Immunoprecipitation  and  Western  blot  analysis  of 
VEGF/VPF-induced  IL-8  expression  in  HBMECs.  HBMECs  were 
grown  subconfluently  onto  attachment  factor-coated  100 -mm  dishes. 
The  cells  were  starved  in  5  ml  of  0.5%  FBS  containing  serum-free  CSC 
medium  for  4  h  and  then  stimulated  with  30  ng/ml  VEGF  or  30  ng/ml 
bFGF  for  12  h.  After  incubation,  5  ml  of  supernatant  from  the  HBMECs 
was  immunoprecipitated  with  anti-IL-8  antibody  and  applied  to  SDS- 
PAGE.  CTL ,  control,  rhIL-8,  recombinant  human  IL-8  (20  ng);  IP, 
immunoprecipitation;  WB,  Western  blotting. 

LY2 94002  (10  pu)  significantly  blocked  IL-8  production  stimu¬ 
lated  by  VEGF/VPF,  whereas  the  protein  kinase  C  inhibitor 
chelerythrine  chloride  (2  pu)  and  nitric  oxide  synthase  inhibitor 
l-NAME  (1  dim)  moderately  inhibited  its  production.  However, 
the  MEK  inhibitor  PD98059  (10  pM)  had  no  effect  on  IL-8  pro¬ 
duction  in  HBMECs  stimulated  by  VEGF/VPF. 

Next,  we  investigated  the  effect  of  PDTC,  the  inhibitor  of 
NF-kB,  on  VEGF/VPF-induced  IL-8  production  in  HBMECs. 
The  transcriptional  factor  NF-kB  has  been  shown  to  mediate 
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CHX(gM)  SU-1498  QiM) 


+  VEGF/VPF  (30  ng/ml) 

Fig.  6.  Cycloheximide  and  SU-1498  inhibit  VEGFA^PF-induced 
IL-8  production  in  HBMECs.  HBMECs  were  grown  subconfluently 
in  CSC-complete  medium  in  gelatin-coated  24-well  plates.  The  medium 
was  replaced  by  serum-free  CSC  medium  containing  0.5%  FBS,  and  the 
cells  were  starved  for  4  h.  Cycloheximide  and  SU-1498  were  added  to 
the  cells  for  1  h  before  the  assay  was  initiated.  After  incubation  with 
VEGF/VPF  for  12  h,  the  culture  supernatants  were  removed  and  eval¬ 
uated  for  IL-8  content  using  the  ELISA  kit.  The  results  are  presented  as 
the  means  ±  S.D.  of  triplicate  samples  and  are  representative  of  two 
individual  studies.  CTL,  control;  CHX,  cycloheximide;  DMSO,  dimethyl 
sulfoxide. 

IL-8  expression  in  endothelial  cells  upon  treatment  with  vari¬ 
ous  stimuli,  such  as  tumor  necrosis  factor- a  (28,  29),  whereas 
the  intracellular  calcium  chelator  TMB-8  has  been  shown  to 
inhibit  the  activation  of  NF-kB  (30,  31).  As  expected,  the  NF-kB 
inhibitor  PDTC  (20  fxM)  significantly  blocked  IL-8  production  in 
HBMECs  stimulated  by  VEGF/VPF  (Fig.  1A).  We  further  ex¬ 
amined  whether  the  PI3-kinase  pathway  mediates  VEGF/VPF- 
induced  IL-8  production  in  HBMECs  through  NF-kB  activa¬ 
tion.  To  test  this  possibility,  HBMECs  were  infected  with  Ad- 
myrAkt,  which  can  express  constitutively  active  Akt  proteins 
that  act  downstream  of  PI3-kinase  in  the  VEGF/VPF  signaling 
pathway  (24).  As  shown  in  Fig.  7J5,  infected  Ad-myrAkt  in¬ 
creased  the  expression  of  IL-8  proteins  in  HBMECs  compared 
with  the  control  adenovirus.  However,  the  NF-kB  inhibitor 
PDTC  (20  fxM)  potently  inhibited  Ad-myrAkt-induced  IL-8  pro¬ 
duction  in  HBMECs  (Fig.  IB).  Expression  of  phosphorylated 
Akt  protein  was  confirmed  by  Western  blotting  (Fig.  7C). 

These  results  indicate  that  VEGF/VPF  induces  IL-8  produc¬ 
tion  in  HBMECs  through  activation  of  the  transcriptional  fac¬ 
tor  NF-kB  via  PI3-kinase  and  calcium  signaling  pathways. 

VEGF  JVPF-induced  IL-8  Production  Increased  the  Transen- 
dothelial  Migration  of  Human  Neutrophils — IL-8  is  a  potent 
chemoattractant  for  neutrophils.  To  determine  whether  VEGF/ 
VPF  induced  the  production  of  functional  IL-8,  the  superna¬ 
tants  were  harvested  from  HBMECs  treated  with  VEGF/VPF 
for  12  h  and  added  to  the  lower  compartment  as  described 
under  “Experimental  Procedures.”  VEGF/VPF-treated  super¬ 
natants  significantly  increased  neutrophil  migration  across  an 
HBMEC  monolayer  compared  with  untreated  samples  (Fig. 
8A).  To  test  specifically  the  role  of  IL-8  in  migration,  20  p,g/ml 
human  IL-8-specific  goat  antibody  was  added  to  the  VEGF/ 
VPF-treated  supernatants  for  1  h  before  the  assay  was  initi¬ 
ated.  The  results  demonstrated  that  anti-IL-8  antibody  blocked 
the  neutrophil  migration  across  the  HBMEC  monolayer  which 
was  induced  by  the  VEGF/VPF-treated  supernatant,  thereby 
indicating  that  VEGF/VPF  induced  functional  IL-8  protein  in 
HBMECs.  In  addition,  we  examined  the  amount  of  IL-8  in 
these  VEGF/VPF-treated  supernatants  using  ELISA  and  com¬ 
pared  its  functional  activity  with  that  of  human  recombinant 
IL-8.  The  sample  contained  ~3  ng/ml  IL-8,  and  the  transendo- 
thelial  migration  of  neutrophils  induced  by  this  sample  was 
comparable  with  that  induced  by  human  recombinant  IL-8 
(Fig.  SB).  Thus,  the  secreted  IL-8  in  HBMECs  treated  with 
VEGF/VPF  was  functionally  active. 


DISCUSSION 

In  this  study,  we  examined  the  role  of  VEGF/VPF  in  chemo- 
kine  expression  in  HBMECs.  We  used  a  cytokine  cDNA  array 
containing  34  chemokines  and  14  receptors.  This  array  is  an 
excellent  tool  to  identify  chemokines  expressed  differentially  in 
response  to  external  stimuli.  By  using  the  cytokine  cDNA  ar¬ 
ray,  we  observed  that  VEGF/VPF  significantly  increased 
MCP-1  and  CXCR4  expression  in  HBMECs  similar  to  that 
described  in  other  endothelial  cells  (20,  21).  Interestingly, 
VEGF/VPF  also  induced  IL-8  production  at  the  transcriptional 
level,  and  IL-8  mRNA  expression  was  induced  in  a  rapid  and 
transient  manner  (Fig.  3).  Furthermore,  VEGF/VPF  increased 
IL-8  protein  production  by  as  early  as  3  h,  and  this  increase 
was  sustained  for  up  to  32  h  (Fig.  4).  In  addition,  the  protein 
synthesis  inhibitor  cycloheximide  significantly  inhibited  IL-8 
synthesis  (Fig.  6),  indicating  that  VEGF/VPF  regulates  IL-8 
expression. 

We  also  examined  whether  bFGF  induces  increased  IL-8 
production  in  HBMECs.  bFGF  has  been  shown  to  induce  neo¬ 
vascularization  like  VEGF/VPF,  but  it  does  not  induce  vascular 
permeability  (32).  Within  12  h  of  bFGF  treatment,  we  observed 
no  increase  in  IL-8  protein  expression  in  the  samples  compared 
with  the  untreated  controls.  However,  after  12  h  of  bFGF 
treatment,  the  amount  of  IL-8  protein  in  these  samples  was 
greater  than  that  in  the  untreated  controls,  although  it  was 
much  smaller  than  in  the  VEGF/VPF-treated  samples  (Fig.  4). 
Thus,  bFGF  induced  IL-8  production  in  the  later  time  periods 
compared  with  VEGF/VPF.  However,  IL-8  has  been  shown  to 
be  secreted  rapidly  in  endothelial  cells  upon  treatment  with 
various  stimuli  (33,  34).  Therefore,  bFGF  might  induce  IL-8 
production  in  HBMECs  via  another  mechanism  such  as  up- 
regulation  of  the  IL-8  inducer.  Based  on  our  data  and  a  previ¬ 
ous  report  showing  that  bFGF  induces  VEGF/VPF  expression 
in  vascular  endothelial  cells  through  autocrine  and  paracrine 
mechanisms  (35),  we  suggest  that  bFGF  might  induce  IL-8 
production  in  HBMECs  via  the  up-regulation  of  VEGF/VPF. 

VEGF/VPF  is  involved  in  intracellular  signaling  mediated  by 
ERK,  PI3-kinase,  protein  kinase  C,  calcium,  and  NF-kB  in 
endothelial  cells.  We  observed  that  the  intracellular  calcium 
chelator  TMB-8,  the  NF-kB  inhibitor  PDTC,  and  the  PI3-ki- 
nase  inhibitor  LY294002  significantly  blocked  IL-8  production 
in  HBMECs  stimulated  by  VEGF/VPF.  The  transcriptional 
factor  NF-kB  has  been  shown  to  induce  IL-8  expression  in 
endothelial  cells  upon  treatment  with  various  stimuli,  such  as 
tumor  necrosis  factor- a  (28,  29).  Also,  the  intracellular  calcium 
chelator  TMB-8  has  been  shown  to  inhibit  the  activation  of 
NF-kB  (30,  31).  Therefore,  it  is  possible  that  the  PI3-kinase 
pathway  may  mediate  VEGF/VPF-induced  IL-8  production  in 
HBMECs  through  NF-kB  activation.  Indeed,  when  HBMECs 
were  infected  with  an  adenovirus  encoding  constitutively  active 
Akt,  the  increased  expression  of  IL-8  protein  in  HBMECs  was 
observed,  whereas  the  NF-kB  inhibitor  PDTC  potently  blocked 
this  IL-8  protein  synthesis  induced  by  activated  Akt.  These 
data  indicate  that  VEGF/VPF  induces  IL-8  synthesis  in  HB¬ 
MECs  through  activation  of  the  transcriptional  factor  NF-kB 
via  PI3-kinase  and  calcium  signaling  pathways.  However,  the 
MEK  inhibitor  PD98059  had  no  effect  on  IL-8  production  in 
HBMECs  stimulated  by  VEGF/VPF.  These  results  also  indi¬ 
cate  that  the  ERK  pathway  did  not  mediate  IL-8  production  in 
HBMECs  and  are  comparable  with  the  results  for  bFGF,  a 
potent  inducer  of  the  ERK  pathway  in  endothelial  cells  (32), 
which  failed  to  induce  IL-8  within  12  h  of  treatment. 

IL-8  belongs  to  the  CXC  chemokine  family  and  is  a  potent 
chemoattractant  for  neutrophils  and  T  lymphocytes,  but  not 
monocytes.  In  humans,  it  was  reported  that  intradermal  injec¬ 
tion  of  IL-8  induced  the  perivascular  infiltration  of  neutrophils 
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Fig.  7.  VEGF/VPF  increases  IL-8  production  in  HBMECs  through  activation  of  NF-kB.  Panel  A,  HBMECs  were  grown  subconfluently 
in  CSC -complete  medium  in  gelatin-coated  24-well  plates.  The  medium  was  replaced  by  serum-free  CSC  medium  containing  0.5%  FBS,  and  the 
cells  were  starved  for  4  h.  Synthetic  inhibitors  against  VEGF/VPF  signal  transduction  were  added  to  the  cells  for  1  h  followed  by  the  addition  of 
30  ng/ml  VEGF/VPF  for  12  h.  The  culture  supernatants  were  collected  and  evaluated  for  IL-8  production  using  the  ELISA  kit.  The  results  are 
presented  as  the  means  ±  S.D.  of  triplicate  samples  and  are  representative  of  two  individual  studies.  CTL ,  control.  Concentrations:  l-NAME,  1  mM; 
cheleiythrine  chloride  (CH),  2  pM;  PDTC,  20  pM;  TMB-8,  10  pM;  LY  (LY294002),  10  jim;  PD  (PD98059),  10  pM.  Panel  £,  HBMECs  were  grown 
subconfluently  in  CSC-complete  medium  in  gelatin-coated  six-well  plates.  The  medium  was  replaced  by  serum-free  CSC  medium  containing  0.5% 
FBS,  and  the  cells  were  starved  for  4  h.  20  pM  PDTC  was  added  to  the  cells  for  1  h  followed  by  the  addition  of  control  (Ad-control)  or  Ad-myrAkt 
for  24  h.  The  culture  supernatants  were  collected  and  evaluated  for  IL-8  production  using  the  ELISA  kit.  The  results  are  presented  as  the  means  — 
S.D.  of  duplicate  samples  and  are  representative  of  three  individual  studies.  Panel  C,  after  the  culture,  supernatants  were  collected,  the  cells  were 
lysed,  and  50  /xg  of  total  protein  was  resolved  by  12%  SDS-PAGE  and  subjected  to  Western  blot  analysis  by  using  rabbit  anti-human  phospho-Akt 
antibody.  To  verify  the  amount  of  loaded  proteins,  blots  were  reprobed  with  rabbit  anti-human  C-terminal  SRC  kinase  ( Csk )  antibody.  p-Akt, 
phosphorylated  Akt. 

A  B 


CTL  Medium  IL-8  Ab  Control  Ab  CTL  1  10  100 

(-VEGF/VPF)  -  - 

Medium  (+VEGF/VPF)  Recombinant  human  IL-8  (ng/ml) 


Fig.  8.  VEGF/VPF-induced  IL-8  production  increased  the  transendothelial  migration  of  human  neutrophils.  Panels  A  and  B, 
HBMECs  were  grown  confluently  in  CSC-complete  medium  in  gelatin-coated  100-mm  dishes.  HBMECs  were  starved  in  5  ml  of  0.5%  FBS 
containing  serum-free  CSC  medium  for  4  h  and  then  stimulated  with  30  ng/ml  VEGF  for  12  h.  After  incubation,  5  ml  of  supernatant  from  HBMECs 
was  harvested,  and  20  fx g/ml  human  IL-8-specific  goat  antibody  or  20  pg/ml  normal  goat  antibody  (control  Ab)  was  added  to  the  VEGF/VPF-treated 
supernatants  for  1  h  before  the  assay  was  initiated.  0.6  ml  of  the  experimental  supernatants  was  added  to  the  lower  compartment,  and  1  X  10 
neutrophils  in  0.1  ml  medium  were  added  onto  the  HBMEC  monolayer  of  the  upper  compartment.  After  2  h,  the  cells  in  the  lower  compartment 
were  counted  on  a  hemocytometer.  The  results  are  presented  as  the  means  ±  S.D.  of  three  separate  experiments  and  are  expressed  as  the  increase 
in  the  number  of  cells  migrating  toward  the  lower  compartment.  CTL ,  control 

within  1  h,  which  was  sustained  for  several  hours  (36).  IL-8  has  matory  cytokines,  tumor  necrosis  factor-a  and  interleukin- 1/3 
been  shown  to  be  produced  in  a  variety  of  cell  types  including  (22,  33).  In  particular,  activated  endothelial  cells  are  a  source  of 
monocytes  and  endothelial  cells  by  stimuli  such  as  the  inflam-  a  number  of  chemotactic  molecules  including  IL-8.  Enhanced 
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*  chemotactic  molecules  in  the  endothelium  elicit  the  movement 
of  leukocytes  from  blood  into  tissues,  a  characteristic  feature  of 
inflammation.  Our  data  suggest  that  VEGF/VPF  can  mediate 
leukocyte  infiltration  in  endothelial  cells  through  the  up-regu- 
lation  of  chemokines,  including  IL-8,  because  supernatants  of 
VEGF/VPF-treated  HBMECs  significantly  increased  neutro¬ 
phil  migration  across  an  HBMEC  monolayer  compared  with 
the  untreated  control,  and  that  anti -IL-8  antibody  blocked  this 
migration  (Fig.  8A). 

Hypoxia  is  a  strong  inducer  of  VEGF/VPF  expression.  Hy¬ 
poxia,  an  important  factor  in  the  pathophysiology  of  vascular 
and  inflammatory  diseases,  contributes  to  leukocyte  infiltra¬ 
tion  through  the  up-regulation  of  adhesion  molecules  and  che- 
mokine  release  (2,  3).  During  systemic  hypoxia  in  vivo ,  VEGF/ 
VPF  was  shown  to  be  expressed  in  glial  cells  as  well  as  in 
neurons  in  the  hippocampus  and  dentate  gyrus  (37).  However, 
VEGF/VPF  expression  does  not  appear  to  be  localized  in  endo¬ 
thelial  cells,  although  marked  receptor  expression  was  noted, 
thus  suggesting  that  a  paracrine  action  is  involved  in  this 
condition  (37).  Therefore,  our  data  suggest  that  hypoxia  might 
at  least  in  part  contribute  to  leukocyte  infiltration  through  the 
up-regulation  of  VEGF/VPF,  which  in  turn  induces  the  secre¬ 
tion  of  chemokines  such  as  IL-8  in  endothelium  through  a 
paracrine  mode. 

Recently,  we  and  others  reported  that  VEGF/VPF  up-regu- 
lated  intercellular  adhesion  molecule-1  (ICAM-1),  the  receptor 
for  neutrophil  adhesion  molecules  CD  ll/CD  18  (MAC-1),  in  rat 
brain  microvascular  endothelial  cells  (38)  and  in  human  um¬ 
bilical  vein  endothelial  cells  (39).  Taken  together  with  these 
studies,  we  suggest  that  VEGF/VPF  might  be  responsible  for 
the  accumulation  of  neutrophils  within  hypoxic  areas  through 
the  simultaneous  up-regulation  of  IL-8  and  its  receptor 
ICAM-1  in  endothelium. 

In  conclusion,  this  is  the  first  report  that  VEGF/VPF  induces 
IL-8  expression  in  human  brain  microvascular  endothelial 
cells.  We  therefore  suggest  that  VEGF/VPF  contributes  to  leu¬ 
kocyte  infiltration  through  the  up-regulation  of  chemokines  in 
endothelial  cells. 
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The  Invasive  Phenotype  in  HMT-3522  Cells  Requires 
Increased  EGF  Receptor  Signaling  Through  Both 
PI  3-Kinase  and  ERK  1,2  Pathways 

DANIEL  J.  PRICE,  SHALOM  AVRAHAM,  JOSEPH  FEUERSTEIN,  YIGONG  FU,  and  HAVA  KARSENTY  AVRAHAM 
Division  of  Experimental  Medicine,  Beth  Israel-Deaconess  Medical  Center,  Harvard  Institutes  of  Medicine,  Boston,  MA 


We  studied  the  invasion  of  HMT-3522  breast  epithelial  cells  in  response  to  epidermal  growth 
factor  (EGF),  and  the  associated  signaling  pathways.  HMT-3522  T4-2  cells  were  shown  to 
invade  Matrigel-coated  Transwell  membranes  in  response  to  EGF  while  HMT-3522  S-l  cells 
failed  to  invade  when  treated  with  EGF.  Studies  utilizing  specific  molecular  inhibitors  showed 
the  importance  of  pi  integrin,  phosphatidylinositol  3  kinase  (PI  3-kinase),  p38,  extracellular 
regulated  kinase  1,  2  (Erk  1,2)  MAP  kinases,  and  metalloproteinases  in  invasion  and  motility. 
T4-2  cell  invasion  was  shown  to  be  time-dependent  and  also  5gene  transcription-dependent 
as  shown  by  inhibition  with  Actinomycin  D.  T4-2  cells  exhibited  an  increased  activation  of 
MAP  kinases  Erk  1,2  (2-fold),  EGF  receptor  (3-fold),  and  PI  3-kinase  (3-  to  4-fold)  when 
compared  to  the  S-l  cells.  In  response  to  EGF,  T4-2  cells  showed  a  5-fold  greater  secretion  of 
It  matrix  metalloproteinase-9  (MMP-9)  as  compared  to  S-l  cells,  and  this  increase  was  largely 

dependent  on  the  activity  of  PI  3-kinase.  These  findings  indicate  that  expression  of  the  invasive 
phenotype  in  these  breast  epithelial  cells  requires  increased  EGF  receptor  signaling,  involving 
both  PI  3-kinase  and  Erk  1,2  activities,  which  leads  to  multiple  downstream  effects,  including 
enhanced  secretion  of  MMP-9  and  transcription  of  invasion-related  genes. 

Keywords.  EGF,  breast  cancer,  PI  3 -kinase,  ERK  1,2,  cellular  invasion 


INTRODUCTION 

The  action  of  epidermal  growth  factor  (EGF)  on 
its  receptor  is  known  to  result  in  increased  cell  mi¬ 
gration  and  invasiveness  of  a  variety  of  cell  types. 
Study  of  breast  tumor  cell  lines  such  as  MDA-MB- 
231  has  shown  that  EGF  treatment  of  these  cells 
leads  to  increased  invasiveness  by  a  PI  3 -kinase  and 
phospholipase  C  (PLC)-dependent  mechanism  (29, 
33).  This  phenomenon  appears  to  be  similar  to  the 


EGF-dependent  invasion  that  is  observed  in  renal 
(39),  prostate  (18),  pancreatic  (15),  and  colon  can¬ 
cer  cells  (10),  as  well  as  in  normal  mammary  ep¬ 
ithelial  cells  (14).  Interestingly,  the  action  of  EGF 
in  the  breast  tumor  cells  does  not  appear  to  be  re¬ 
lated  to  proliferation  (16,  33).  As  of  yet,  it  is  unclear 
how  the  increase  in  PI  3 -kinase  and  PLC  activities 
results  in  increased  invasiveness  of  the  breast  tu¬ 
mor  cells.  In  a  related  study,  it  was  shown  in  MCF-7 
breast  cancer  cells  that  heregulin  (HRG)  treatment 
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led  to  increased  cell  migration  that  was  mediated 
by  PI  3-kinase  and  the  down-stream  component 
p21  activated  kinase  1  (PAK1)  (1).  This  action  of 
heregulin  led  to  actin  cytoskeletal  reorganization 
and  filopodia/lamellopodia  formation.  Others  have 
implicated  the  GTPases  Racl,  Cdc42,  and  RhoA 
in  the  growth  factor  dependent  PI  3-kinase  me¬ 
diated  induction  of  cellular  motility  and  invasion 
(5,  19). 

The  HMT-3522  series  of  breast  epithelial  cells 
was  originally  derived  from  a  biopsy  of  a  nonmalig- 
nant  breast  lesion  (8, 9).  Serial  culturing  led  to  cells 
that  spontaneously  developed  tumorigenic  proper¬ 
ties  (termed  T4-2).  These  cells  exhibited  trisomy  of 
chromosome  7p,  mutation  of  p53,  and  amplification 
of  the  c-myc  oncogene  (8,  23,  25,  27).  While 
these  cells  were  shown  to  overexpress  the  EGF 
receptor,  their  growth  in  culture  was  independent 
of  EGF.  Another  subline  of  these  cells  exhibited 
non  tumorigenic  properties  (termed  S-l).  These 
cells  had  a  normal  karyotype,  and  their  growth  was 
EGF-dependent.  Genetic  studies  have  indicated 
that  the  T4-2  cells  most  likely  resulted  from  the 
spontaneous  mutational  conversion  of  the  S-l  cells 
(27,  28).  Thus,  these  cell  lines  serve  as  a  unique 
model  for  studying  the  effect  of  EGF  on  cellular 
migration  and  invasion.  Recent  studies  by.  Weaver 
and  colleagues  (45)  have  shown  that  when  the  cells 
were  grown  in  a  three-dimensional  culture,  T4-2 
cells  formed  disorganized  colonies  while  S-l  cells 
formed  tubule-like  colonies.  Treatment  of  the  T4-2 
cells  with  a  neutralizing  anti-^1  integrin  antibody 
led  to  their  conversion  to  the  organized  tubule-like 
structure.  Down-regulation  of  fi\  integrin  by  the 
anti-jSl  integrin  antibody  also  appeared  to  result 
in  down-regulation  of  the  EGF  receptor.  Likewise, 
down-regulation  of  the  EGF  receptor  led  to  the 
concurrent  down-regulation  of  £1  integrin  (44). 
Moreover,  when  the  EGF  receptor  was  overex¬ 
pressed  in  the  S-l  cells,  there  was  a  similar  increase 
in  the  1  integrin  protein.  This  indicated  that  the 
reciprocal  up-regulation  of  the  EGF  receptor  and  the 
fi  1  integrin  might  be  related  to  the  tumorigenic  phe¬ 
notype  that  was  observed  in  the  three-dimensional 
cultures. 


In  the  present  study,  we  examined  whether 
HMT-3522  cells  might  show  differential  abilities  to 
migrate  or  invade  in  response  to  signaling  through 
the  EGF  receptor.  We  have  investigated  the  ability 
of  T4-2  and  S-l  cells  to  invade  a  Matrigel-coated 
membrane  or  to  migrate  across  a  plastic  or  Matrigel- 
coated  plastic  surface.  We  show  the  ability  of  the 
T4-2  cells  to  invade  and  migrate  upon  treatment 
with  EGF,  however,  the  S-l  cells  fail  to  respond  in 
this  way  when  treated  with  EGF.  We  further  show,  by 
the  use  of  specific  inhibitors,  the  pathways  that  are 
likely  to  be  critical  to  the  motility  of  the  T4-2  cells. 
We  show  that  the  increased  activity  of  the  EGF  re¬ 
ceptor  in  the  T4-2  cells  leads  to  increased  signaling 
through  both  PI  3-kinase  and  MAP  kinase  Erk  1,2 
pathways,  and  that  multiple  downstream  effectors 
of  these  pathways  are  required  for  the  invasive 
phenotype. 

MATERIALS  AND  METHODS 

Antibodies  and  reagents.  The  neutralizing  anti- 
p\  integrin  monoclonal  antibody  AIIB2  was  ob¬ 
tained  from  the  Developmental  Studies  Hybridoma 
Bank  (University  of  Iowa,  Iowa  City,  IA).  The 
anti-/J  1  monoclonal  antibody  TS2/16  was  a  gift 
from  Dr.  Martin  Hemler  (Dana  Farber  Cancer  Insti¬ 
tute,  Boston,  MA).  Anti-MMP-9  monoclonal  anti¬ 
body  (IM09L)  and  MMP-9  standard  were  from  Cal- 
biochem  (San  Diego,  CA).  Anti-phosphotyrosine 
PY20  and  PY99  were  from  Transduction  Labo¬ 
ratories  (Lexington,  KY).  Anti-phospho-Erk  1,2 
polyclonal,  anti-Erk  1,2  polyclonal,  and  anti-EGF 
receptor  antibodies  were  from  Santa  Cruz  Bio¬ 
technology  (Santa  Cruz,  CA).  Anti-phospho-p38, 
anti-p38,  anti-phospho-Akt  and  anti-Akt  poly¬ 
clonal  antibodies  were  from  New  England  Biolabs 
(Beverly,  MA).  Anti-PAKl  polyclonal  antibody 
(N-20)  and  anti-^-catenin  monoclonal  antibody 
(E-5)  were  from  Santa  Cruz  Biotechnology.  An¬ 
other  anti-PAKl  polyclonal  antibody  was  a  gen¬ 
erous  gift  of  Dr.  Gary  Bokoch  (Salk  Institute, 
La  Jolla,  CA).  Anti-mouse  FITC-labelled  IgG 
(H+L)  was  from  Vector  Laboratories  (Burlingame, 
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CA).  Metalloproteinase  inhibitor  5-phenyl- 1,10- 
phenanthroline  was  from  Sigma  (St.  Louis,  MO).  In¬ 
hibitors  LY294002,  PD98059,  SB202190,  and  acti- 
nomycin  D  were  from  Calbiochem.  y32  P-ATP 
was  from  New  England  Nuclear  (Boston,  MA). 
All  other  reagents  were  from  Fisher  Scientific 
(Norcross,  GA). 

Cell  Culture 

HMT-3522  breast  epithelial  cells  (T4-2  and  S-l) 
were  obtained  from  Dr.  Mina  Bissell  (Lawrence 
Berkeley  National  Laboratory,  Berkeley,  CA). 
The  cells  were  grown  in  monolayer  culture  in 
DMEM/F12  (GIBCO/BRL,  St.  Louis,  MO)  contain¬ 
ing  250  ng/ml  insulin  (Sigma),  10  /zg/ml  transferrin 
(Sigma),  2.6  ng/ml  sodium  selenite  (GIBCO/BRL), 
1  x  10~10M  estradiol  (Sigma),  1.4  x  10-6  M  hydro¬ 
cortisone  (Sigma),  and  5  /zg/ml  prolactin  (Sigma). 
For  further  details,  see  the  description  of  HI 4 
medium  by  Blaschke  and  colleagues  (7).  For  the 
growth  of  the  S-l  cells,  10  ng/ml  EGF  (Becton 
Dickinson,  Bedford,  MA)  was  added  to  the  medium. 
For  passaging,  the  cells  were  trypsinized  by  addi¬ 
tion  of  0.25%  trypsin/ 1  mM  EDTA  (GIBCO/BRL), 
and  after  detachment  of  the  cells,  1 .8  mg  of  soybean 
trypsin  inhibitor  was  added  per  ml  of  trypsin/EDTA. 
The  cells  were  then  replated  on  tissue  culture  dishes 
at  ~2  x  104  cells  per  cm2. 

Cell  Invasion  Assay 

Transwell  membranes  (8  /zm  pore  size,  6.5  mm 
dia.,  Corning  Costar  Corp.,  Cambridge,  MA)  were 
coated  with  40  /zl  of  62.5  /zg/ml  Matrigel  (Becton 
Dickinson)  and  30  /zg/ml  fibronectin  (Calbiochem) 
or  with  Matrigel  alone.  The  membranes  were  dried  in 
a  tissue  culture  hood  and  then  reconstituted  in  40  /zl 
of  DMEM/F12  medium.  The  cells  were  trypsinized 
as  described  above,  centrifuged  and  suspended  in 
DMEM/F12  containing  0.2%  BSA  (Sigma,  IX  crys¬ 
tallized  grade).  The  cells  were  counted,  centrifuged, 
and  suspended  in  DMEM/F12, 0.2%  BSA.  The  cells 
were  then  centrifuged  and  suspended  at  a  final  con¬ 


centration  of  1  x  106/ml  in  DMEM/F12, 0.2%  BSA 
containing  2.6  ng/ml  sodium  selenite  (Sigma),  1  x 
10-10  M  estradiol  (Sigma),  1.4  x  10~6  M  hydro¬ 
cortisone  (Sigma)  (migration  medium)  containing 
growth  factors  and  inhibitors  as  indicated  in  the 
figure  legends.  The  cells  (100  /zl)  were  then  lay¬ 
ered  in  the  upper  chamber  of  the  coated  Transwell 
chamber.  In  the  lower  chamber  was  added  600  /zl 
of  the  migration  medium  (including  the  growth  fac¬ 
tors  and  inhibitors  as  indicated  in  the  figure  legends). 
The  Transwells  were  then  incubated  in  a  tissue  cul¬ 
ture  incubator  for  various  times  as  indicated  in  the 
text.  After  the  incubation,  the  cells  remaining  in  the 
upper  chamber  were  removed  by  swabbing  with  a 
Q-tip®.  The  cells  on  the  lower  side  of  the  membrane 
were  fixed  in  methanol  and  then  stained  with  Hema  3 
stain  (Fisher  Scientific).  Invading  cells  were  counted 
in  a  Nikon  Diaphot  microscope. 

Cell  Scattering 

‘For  observation  of  cell  scattering  in  response  to 
growth  factor,  T4-2  or  S- 1  cells  were  grown  to  ~30% 
confluence  on  either  Matrigel  or  uncoated  tissue  cul¬ 
ture’  wells.  Cells  were  washed  3X  with  PBS  and  then 
incubated  with  or  without  1 00  ng/ml  EGF  in  the  pres¬ 
ence  or  absence  of  the  inhibitors  as  described  in  the 
figure  legends.  The  medium  used  was  DMEM/F12 
supplemented  with  sodium  selenite,  estradiol,  hy¬ 
drocortisone,  and  penicillin/streptomycin  at  the  con¬ 
centrations  indicated  above.  The  cells  were  placed  in 
a  tissue  culture  incubator  for  18  hours  and  viewed 
by  phase  contrast  confocal  microscopy. 

Measurement  of  Metalloproteinase  Activity 

To  measure  the  metalloproteinases  secreted  in  the 
cell  medium,  confluent  cells  were  washed  briefly 
with  DMEM/F12  medium  and  then  incubated  for 
18  hours  in  the  presence  or  absence  of  100  ng/ml 
EGF  and  the  inhibitors  as  indicated  in  the  figure  leg¬ 
ends.  The  media  were  collected,  centrifuged  briefly 
to  remove  cellular  debris,  and  then  concentrated  1 00- 
fold  by  ultrafiltration  (Millipore,  Bedford,  MA).  The 
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samples  were  treated  with  nonreducing  SDS  sample 
buffer,  heated  at  42°C  for  20  min  and  then  subjected 
to  gelatin  zymography  according  to  the  method  of 
Leber  and  others  (21).  Samples  were  run  on  SDS 
polyacrylamide  gels  (12%  acrylamide)  containing 
0.1%  gelatin  as  substrate.  After  the  gel  was  elec- 
trophoresed,  it  was  incubated  in  2%  Triton  X-100 
for  one  hour  at  room  temperature  with  shaking.  The 
gel  was  then  incubated  overnight  with  shaking  at 
37°C  in  50  mM  Tris-HCl,  pH  7.4/0.2  M  NaCl/5  mM 
CaCl2.  The  gel  was  then  stained  with  coomassie  blue 
for  30  min  and  destained  in  10%  acetic  acid. 

Immunoprecipitation  and  Western 
Immunoblotting 

For  cellular  signaling  experiments,  cells  were  de¬ 
prived  of  EGF,  transferrin,  and  prolactin  for  1 8  hours. 
The  cells  were  then  stimulated  with  100  ng/ml  EGF, 
washed  with  PBS,  and  lysed  in  20  mM  Tris-HCl,  pH 
7.4/150  mM  NaCl/1%  NP-40/0.25%  deoxycholate/ 

1  mM  Na3V04/l  mM  EGTA  (Lysis  Buffer)  and  a 
cocktail  of  protease  inhibitors  (Complete,  Roche 
Bioscience,  Palo  Alto,  CA).  Extracts  were  cen¬ 
trifuged  in  a  microfuge  and  total  protein  concen¬ 
tration  was  measured  by  Bradford  assay  (BioRad, 
Richmond,  CA).  Extracts  were  normalized  for  total 
protein  and  ~  1  ng  of  antibody  was  added  per  precip¬ 
itation.  After  overnight  incubation  at  5°C,  Protein  G 
sepharose  (Pierce,  Rockford,  1L)  was  added.  Precipi¬ 
tates  were  washed  3X  with  Lysis  Buffer.  The  washed 
precipitates  or  total  cell  extracts  in  SDS  sample 
buffer  were  run  on  SDS-PAGE  and  the  proteins  were 
transferred  to  a  nitrocellulose  membrane  (BioRad). 
Transfers  were  blocked  with  4%  BSA  (Roche)  or 
5%  nonfat  dry  milk  (Nestle,  Basel,  Switzerland)  in 
PBS  supplemented  with  0.1%  Tween  20  (PBST). 
The  blots  were  incubated  with  the  primary  anti¬ 
body  in  PBST  plus  the  blocking  protein.  The  blots 
were  then  washed  3X  in  PBST  and  incubated  with 
the  secondary  horseradish  peroxidase-linked  anti¬ 
body  (Santa  Cruz).  The  blots  were  washed  3X  with 
PBST,  treated  with  chemiluminescent  reagent  (New 
England  Nuclear)  and  exposed  to  x-ray  film.  Densit¬ 
ometry  was  performed  using  an  Alphalmager  2000 


documentation  and  analysis  system  (Alphalnnotech 
Corp.,  San  Leandro,  CA). 

Assay  of  PI  3-Kinase  Activity 

Assay  of  PI  3-kinase  was  carried  out  after  growth 
factor  stimulation  of  cells.  Cells  were  lysed  in  20  mM 
Tris-HCl,  pH  7.4/150  mM  NaCI/1%  NP-40/1  mM 
Na3V(Vl  mM  EGTA,  and  a  cocktail  of  protease  in¬ 
hibitors  (Complete,  Roche  Bioscience).  Centrifuged 
extracts  were  normalized  for  total  protein  as  above 
and  then  precipitated  with  an  anti-phosphotyrosine 
PY99  antibody  and  Protein  G  sepharose.  Precipitates 
were  washed  and  subjected  to  an  in  vitro  kinase  re¬ 
action  using  phosphatidylinositol  and  y32P-ATP  as 
substrates  according  to  Derman  and  others  (13).  The 
32P  samples  were  applied  to  oxalate-coated  cellu¬ 
lose/acetate  plates  and  subjected  to  chromatographic 
separation  (solvent:  CHCl3:Methanol:H20:NH4OH 
[60:47:11.3:2]).  The  developed  plate  was  then  ex¬ 
posed  to  x-ray  film. 

RESULTS 

T4-2  Breast  Epithelial  Cells  Invade  a  Matrigel 
Layer  in  Response  to  EGF  while  S-l  Cells 
do  not  Invade 

Our  initial  experiments  showed  the  ability  of  T4-2 
breast  epithelial  cells  to  invade  into  a  Matrigel/ 
fibronectin  layer  of  a  Transwell  chamber  in  response 
to  treatment  with  EGF  (Figure  1).  Results  were  ex¬ 
pressed  such  that  the  maximum  migration  of  T4-2 
cells  in  the  presence  of  EGF  was  taken  as  100%. 
Similar  results  were  seen  even  when  fibronectin  was 
not  added  to  the  Matrigel  layer  (data  not  shown). 
S-l  cells  failed  to  show  detectable  invasion  when 
treated  with  EGF  under  these  conditions.  Treatment 
of  the  T4-2  cells  with  heregulin  or  vascular  endothe¬ 
lial  growth  factor  (VEGF)  showed  a  much  smaller 
but  detectable  invasion,  on  the  order  of  <5%  of  the 
invasion  seen  in  response  to  EGF.  Growth  of  T4-2 
cells  for  four  days  in  10  ng/ml  EGF  failed  to  signif¬ 
icantly  affect  their  ability  to  invade  in  response  to 
EGF  (Figure  IB).  This  indicated  that  the  difference 
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S-l 

S-l  T4-2 
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Figure  1.  (A).  Invasion  of  T4-2  and  S-l  cells  into  Matrigel/ 

fibronectin-coated  Transwell  membranes  in  response  to  growth  fac¬ 
tors.  T4-2  and  S-l  cells  were  applied  to  the  upper  wells  of  Transwell 
chambers,  with  the  indicated  growth  factors  present  in  the  upper  and 
lower  chambers.  Invasion  of  T4-2  cells  in  response  to  EGF  is  taken  as 
100%.  (B).  Effect  of  EGF  on  the  invasion  of  cells.  T4-2  and  S-l  cells 
were  grown  either  in  the  absence  (-)  or  presence  (+)  of  10  ng/ml 
EGF.  These  cells  were  then  analyzed  for  their  invasion. 

in  the  ability  of  the  T4-2  and  S-l  cells  to  invade  was 
not  due  to  the  differences  in  the  growth  media  of  the 
two  cell  lines. 

Invasion  of  T4-2  Breast  Epithelial  Cells  is 
Blocked  by  Specific  Inhibitors 

To  further  characterize  the  signaling  leading 
to  T4-2  cell  invasion,  we  tested  a  variety  of  in¬ 
hibitors  in  the  Transwell  invasion  assay.  We  first 
tested  for  the  effect  of  the  neutralizing  anti-/?  1 


integrin  antibody  (AIIB2)  on  the  T4-2  invasion. 
As  can  be  seen  in  Figure  2,  the  anti-jSl  integrin 
antibody  almost  totally  inhibited  the  ability  of 
T4-2  cells  to  invade  into  the  Matrigel/fibronectin 
layer.  This  was  consistent  with  our  finding  (data 
not  shown)  and  that  of  Weaver  and  others  (45) 
that  p\  integrin  was  overexpressed  in  the  T4-2 
cells  as  compared  to  S-l  cells.  We  also  tested  the 
ability  of  the  metalloproteinase  inhibitor  (MMPi), 
5-phenyl- 1,10-phenanthroline,  to  inhibit  the  inva¬ 
sion  of  the  T4-2  cells.  As  is  shown  in  Figure  2, 
this  metalloproteinase  inhibitor  almost  totally  inhib¬ 
ited  the  invasion  of  the  T4-2  cells  at  concentrations 
of  50  fiM  or  greater.  Three  other  inhibitors  were 
tested  for  their  ability  to  block  the  invasion  of  the 
T4-2  cells.  As  can  be  seen  in  Figure  2,  SB202190,  a 
specific  inhibitor  of  the  p38  MAP  kinase  completely 
inhibited  the  invasion  of  the  T4-2  cells.  The  Erk 
1,2  pathway  inhibitor,  PD98059,  partially  inhibited 
T4-2  cell  invasion  to  about  35%  of  the  maximal  mi¬ 
gration  in  the  absence  of  inhibitors.  The  PI  3-kinase 
inhibitor,  LY294002,  inhibited  T4-2  invasion  to 
about  20%  of  the  maximal  invasion  in  the  absence 
of  inhibitors.  It  should  be  noted  that  inhibitors  were 
used  at  concentrations  based  on  their  specific  I.C. 
50’s  for  the  target  molecules,  and  these  inhibitors 
were  not  toxic  to  the  cells  at  these  concentrations 
(data  not  shown).  Control  experiments  showed  the 
specific  effects  of  these  inhibitors:  A  PI  3-kinase 
assay  of  cells  inhibited  with  LY294002  showed 
~60%  inhibition  of  the  heregulin-stimulated  PI 
3-kinase  signal  (Figure  2Ba).  Heregulin  stimula¬ 
tion  of  Erk  activation  was  significantly  inhibited 
by  PD98059  (Figure  2Bb).  SB202190  inhibited 
heregulin-stimulated  p3  8  activity  as  shown  by  West¬ 
ern  blotting  with  a  phospho-p3  8-specific  antibody 
(Figure  2Bc).  Specific  action  of  the  metallopro¬ 
teinase  inhibitor  5 -phenyl- 1,10-phenanthroline  on 
MMP-9  is  shown  in  Figure  1C. 

Specific  Inhibitors  Also  Affect  the  Scattering 
of  T4-2  Cells  in  Response  to  EGF 

In  order  to  distinguish  between  motility  across  a 
surface  and  penetration  of  the  Matrigel  layer,  we 
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conducted  experiments  to  observe  cell  scattering 
on  tissue  culture  plates  in  response  to  EGF  treat¬ 
ment.  Cells  were  grown  to  30-50%  confluence  on 
Matrigel-coated  polystyrene  wells  and  then  cultured 
in  the  presence  or  absence  of  EGF.  As  is  shown  in 
Figure  3  A,  T4-2  cells  grown  in  the  presence  of  EGF 
migrated  into  the  open  spaces.  In  the  absence  of  EGF, 
the  cells  remained  in  distinct  islands.  In  contrast,  S-l 
cells  failed  to  scatter  in  response  to  EGF  treatment 
(Figure  3F).  When  T4-2  cells  were  tested  for  scat¬ 
tering  in  the  presence  of  various  inhibitors,  results 
similar  to  those  of  the  Transwell  assays  were  ob¬ 
tained.  Treatment  of  T4-2  cells  with  5-phenyl- 1,10- 
phenanthroline  (MMPi)  and  SB202190  resulted  in 
the  complete  suppression  of  scattering  (Figures  3B, 
E).  Treatment  of  T4-2  cells  with  LY294002  and 
PD98059  resulted  in  significant,  but  not  complete, 
suppression  of  the  scattering  (Figures  3C,  D).  Treat¬ 
ment  of  T4-2  cells  with  the  anti-/?  1  antibody,  AIIB2, 
resulted  in  a  significant  reduction  in  scattering,  but 
numerous  projections  of  the  cells  were  observed, 
indicating  that  lamellipodia  formation  was  not  com¬ 
pletely  suppressed  (data  not  shown).  When  the 
scattering  of  T4-2  cells  was  observed  on  non- 
Matrigel-coated  polystyrene  wells,  results  were  in¬ 
distinguishable  from  those  on  the  Matrigel-coated 
wells  (data  not  shown). 

EGF-Dependent  Invasion  of  T4-2  Cells  is 
Time-Dependent  and  Also  Dependent 
on  Gene  Transcription 

When  T4-2  cells  were  treated  with  EGF,  and  tested 
for  their  invasion  via  the  Transwell  assay,  very  little 
invasion  was  observed  until  about  nine  hours  after 


the  addition  of  EGF  (Figure  4,  open  squares).  After 
this  time,  the  rate  of  increase  in  the  invasion  rose 
dramatically.  Actinomycin  D  at  10  jjlM  totally  in¬ 
hibited  the  time-dependent  invasion  (Figure  4,  open 
triangles),  indicating  that  the  invasion  was  dependent 
on  specific  gene  expression.  This  is  a  concentration 
that  has  been  used  by  others  to  inhibit  transcription 
in  similar  systems  (24,  40). 

EGF-Treated  T4-2  and  S-l  Cells  Differ 
in  Cellular  Signaling  Including  Total  Tyrosine 
Phosphorylation,  Erk  1,2  Activation,  EGFR 
Activation,  and  PI  3-Kinase  Activity 

In  order  to  better  understand  the  basis  of  the  dif¬ 
ferences  in  invasion  and  motility  seen  in  the  T4-2 
and  S-l  cells,  we  studied  the  cellular  signaling  of 
the  two  cell  lines  in  response  to  EGF.  Initially,  we 
treated  growth  factor-deprived  T4-2  or  S- 1  cells  with 
EGF  and  carried  out  anti-phosphotyrosine  Western 
blotting  of  crude  extracts.  As  shown  in  Figure  5 A, 
a  number  of  differences  were  seen  in  the  intensities 
of  the  bands  (indicated  by  arrows).  The  S-l  cells 
exhibited  major  EGF-stimulated  bands  of  M.W.  50 
and  65  kDa,  however,  these  were  of  lesser  intensity  in 
the  T4-2  cells.  On  the  other  hand,  EGF-stimulated 
bands  of  90,  85,  42,  and  36  kDa  were  of  greater 
intensity  in  the  T4-2  cells.  We  tested  whether  one 
of  these  bands  might  be  the  42-44  kDa  MAP  ki¬ 
nase  Erk  1 ,2  by  Western  blotting  of  the  crude  ex¬ 
tracts  with  anti-phospho  Erk  antibody.  As  shown  in 
Figure  5B,  there  was  an  approximately  two-fold  in¬ 
creased  level  of  Erk  1,2  activity  in  the  T4-2  cells 
compared  to  the  S-l  cells.  The  levels  of  total  Erk 
1,2  were  only  slightly  greater  in  the  T4-2  cells 


Figure  2.  (A).  Effect  of  various  inhibitors  on  the  invasion  of  T4-2  cells  into  Matrigel/fibronectin-coated  Transwell  membranes.  T4-2  cells 

were  applied  to  the  upper  wells  of  Transwell  chambers  with  EGF  and  the  indicated  inhibitors  present  in  the  upper  and  lower  chambers.  Invasion 
of  T4-2  cells  in  response  to  EGF  in  the  absence  of  inhibitors  is  taken  as  100%.  LY294002  was  used  at  a  concentration  of  30  fiM.  PD98059 
and  SB202190  were  used  at  a  concentration  of  10  ^M.  (B).  Effects  of  inhibitors  on  enzyme  activities  in  MCF-7  cells.  Serum-starved  MCF-7 
cells  were  treated  with  or  without  heregulin  for  10  minutes  in  the  presence  or  absence  of  inhibitors.  PI  3 -kinase  activity  was  measured  for  cells 
incubated  in  the  presence  or  absence  of  LY294002  at  30  final  concentration  (a).  Erk  activity  was  measured  in  these  cells  incubated  in  the 
presence  or  absence  of  PD98059  at  10  /aM  (b)  by  Western  blotting  of  extracts  with  phospho-  and  pan-Erk  antibodies.  P38  MAP  kinase  activity 
was  observed  in  these  cells  incubated  in  the  presence  or  absence  of  SB202190  at  10  /zM  by  Western  blotting  of  extracts  with  phospho-  and 
pan-P38  antibodies  (c). 
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Figure  4.  Invasion  of  T4-2  cells  is  time-dependent  and  gene 
transcription-dependent.  Invasion  of  T4-2  cells  was  measured  in  the 
Transwell  assay  in  the  presence  or  absence  of  EGF.  Treatments  were 
initiated  at  time  0,  and  cells  were  fixed  at  the  indicated  times  for 
quantification  of  invasion.  +EGF;  O-O,  —EGF;  A- A,  +EGF 
-fActinomycin  D  (10  /aM). 

compared  to  the  S-l  cells,  indicating  that  we  had 
correctly  balanced  the  total  proteins  from  the  T4- 
2  and  the  S-l  extracts.  We  failed  to  see  a  change 
in  the  p38  MAP  kinase  activity  by  either  in  vitro 
kinase  assay  of  specific  immunoprecipitates  or  by 
blotting  with  anti-phospho-p38  antibodies.  We  also 
did  not  see  a  difference  in  the  levels  of  p38  MAP 
kinase  protein  in  the  T4-2  and  S-l  cells  (data  not 
shown).  We  also  tested  to  determine  whether  the 
200  kDa  EGF  receptor  might  be  preferentially  ac¬ 
tivated  in  the  T4-2  cells  compared  to  the  S-l  cells. 
From  lysates  of  the  same  experiment  as  that  shown 
in  Figure  5A,  we  immunoprecipitated  the  EGF  re¬ 
ceptor  from  T4-2  and  S-l  cells  with  an  anti-EGF 
receptor  polyclonal  antibody.  We  then  blotted  SDS- 
PAGE  transfers  of  these  immunoprecipitates  with 
anti-phosphotyrosine  antibodies.  As  is  shown  in 
Figure  5C,  these  blots  showed  that  there  was  a  3-fold 
activation  of  the  EGF  receptor  in  the  T4-2  cells  as 
compared  with  the  S-l  cells.  Blotting  of  these  same 
precipitates  with  anti-EGF  receptor  antibody  showed 
that  there  were  only  slightly  greater  amounts  of  EGF 
receptor  protein  in  the  T4-2  cells  compared  to  the  S- 1 
cells.  Thus,  it  was  unlikely  that  the  increased  acti¬ 
vation  of  EGF  receptor  in  the  T4-2  cells  was  due  to 
changes  in  the  amount  of  epidermal  growth  factor 


receptor  (EGFR).  In  the  same  experiment,  we  also 
measured  the  effect  of  EGF  on  the  stimulation  of  PI 
3-kinase  activity  in  T4-2  and  S-l  cells.  As  shown  in 
Figure  5D,  both  cell  lines  showed  an  increase  in  PI 
3 -kinase  activity  in  response  to  EGF,  but  the  T4-2 
cells  showed  an  approximately  3-  to  4-fold  greater 
PI  3-kinase  activity  than  was  seen  in  the  S-l  cells. 
We  tested  to  see  whether  changes  in  PI  3-kinase 
might  lead  to  differences  in  Akt  activity.  As  shown  in 
Figure  6A  Western  blotting  of  crude  extracts  with  a 
phospho-Akt  antibody  failed  to  show  differences  in 
activation  in  the  T4-2  and  the  S-l  cells  treated  with 
EGF.  We  also  examined  whether  differences  in  PI 
3-kinase  activity  might  lead  to  differences  in  PAK1 
kinase  activity  as  has  been  shown  by  Adam  and  oth¬ 
ers  (1,  2),  Vadlamudi  and  colleagues  (43),  and  Sells 
and  others  (38).  We  observed  approximately  two¬ 
fold  EGF-dependent  activation  of  PAK1  kinase  ac¬ 
tivities  in  both  T4-2  and  S-l  cells,  but  saw  no  sig¬ 
nificant  difference  in  PAK1  activation  in  the  two  cell 
lines  (Figure  6B).  Western  blotting  of  PAK1  in  cel¬ 
lular  extracts  indicated  that  the  extracts  contained 
equivalent  amounts  of  PAK1  protein.  Thus,  neither 
Akt  nor  PAK1  activations  appeared  to  explain  the 
observed  differences  in  motility  seen  in  the  two  cell 
lines. 

T4-2  Cells  Secrete  Greater  Amounts  of  MMP-9 
as  Compared  to  S-l  Cells 

Initial  attempts  to  detect  matrix  metallopro- 
teinases  in  the  crude  extracts  of  T4-2  and  S-l  cells 
by  Western  immunoblotting  led  to  no  specific  con¬ 
clusions.  We  then  attempted  to  measure  metallopro- 
teinases  in  the  conditioned  media  of  the  cells  using 
SDS-PAGE/  zymography  (see  Methods).  Using  this 
method,  we  found  that  there  was  a  metalloproteinase 
secreted  by  the  T4-2  cells  that  exhibited  mobility 
similar  to  that  of  MMP-9  (Figure  7A).  The  activ¬ 
ity  of  this  protein  in  the  T4-2  cells  was  increased 
approximately  two-fold  by  EGF  treatment.  A  signif¬ 
icantly  lesser  amount  of  this  metalloproteinase  was 
seen  in  the  S-l  cells  (5-fold  less  as  indicated  by  den¬ 
sitometry).  Even  at  these  lower  levels,  the  S-l  cells 
responded  to  EGF  by  increasing  MMP-9  activity  by 
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ui8«,re.5'  Comparison  of  EGF-mcdiated  signaling  in  T4-2  and  S-l  cells.  (A).  Total  EGF-dcpendent  tyrosine  phosphorylation  was  shown 
by  Western  blotting  (PY99  antibody)  of  crude  extracts.  (B).  Activation  of  Erk  1,2  was  shown  by  Western  blotting  of  crude  extracts  with  anti- 
phospho-Erk  (pErk)  antibody  or  anti-Erk  1,2  (Erk)  antibody.  (C).  EGFR  immunoprecipitates  were  visualized  by  Western  blotting  with  PY99 
antibody  or  anti-EGFR  antibody.  (D).  PI  3-kinase  activity  was  measured  by  in  vitro  kinase  assay.  Arrows  indicate  32P  phosphatidylinositol 
3-phosphate  (PIP).  The  relative  intensities  of  the  bands  were  determined  by  densitometry  as  indicated  below  the  respective  lanes.  NS  indicates 
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Figure  6.  Comparison  of  EGF  stimulated  Akt  and  PAK1  activities  in  T4-2  and  S-l  cells.  (A).  EGF-dependent  activations  of  Akt  in  T4-2  or 
S-l  cells  were  shown  by  Western  immunoblotting  of  crude  extracts  with  an  anti-phospho-Akt  (pAkt)  antibody  or  an  anti-Akt  (Akt)  antibody. 
(B).  PAK1  activities  in  T4-2  and  S-l  cells  were  shown  by  in  vitro  kinase  assay  of  PAK1  immunoprecipitates  using  myelin  basic  protein  as 
substrate.  Western  immunoblotting  of  cellular  extracts  with  anti-PAKl  indicated  similar  amounts  of  PAK1  total  protein  in  the  immunoprecip- 
itations.  Time  points  are  in  minutes  as  indicated  (A  and  B). 


two-fold  (Figure  7A).  Western  blotting  of  these  con¬ 
ditioned  media  with  an  anti-MMP-9  antibody  re¬ 
vealed  a  92  kDa  band  corresponding  to  the  activ¬ 
ity  seen  in  the  zymography  (Figure  7B).  This  was 
a  confirmation  that  the  activity  observed  in  the  zy¬ 
mography  was  in  fact  MMP-9. 

EGF-Dependent  Secretion  of  MMP-9 
is  Dependent  on  the  Increase 
in  PI  3-Kinase  Activity 

In  order  to  determine  which  cellular  pathways 
were  responsible  for  the  secretion  of  MMP-9  in  re¬ 
sponse  to  EGF,  we  treated  T4-2  cells  with  EGF  in  the 


presence  and  absence  of  various  inhibitors.  As  can 
be  seen  in  Figure  7C,  incubation  in  the  presence  of 
either  LY294002  or  5-phenyl- 1,10-phenanthroline 
(MMPi)  led  to  a  reduction  of  metalloproteinase  se¬ 
cretion  to  levels  seen  in  the  absence  of  EGF.  This  was 
an  indication  that  MMP-9  secretion  was  PI  3 -kinase- 
dependent.  The  inhibition  by  the  metalloproteinase 
inhibitor  probably  represents  a  direct  inhibition  of 
the  enzyme.  Treatment  with  the  1  integrin  antibody, 
AIIB2,  resulted  in  a  slight  stimulation  of  MMP-9 
secretion,  for  reasons  that  are  not  completely  clear. 
Neither  PD98059  nor  SB202190  treatment  resulted 
in  a  significant  change  in  the  secretion  of  MMP-9, 
indicating  that  the  MAP  kinases  Erk  1 ,2  and  p38  are 
probably  not  involved  in  the  secretion  of  MMP-9. 


98 


PRICE  ET  AL. 


A. 

Zymogram: 


B. 


o\ 

i 


|  cells: 

S-l  S-l 

T4-2 

T4-2 

S  <35  EGF: 

+ 

+ 

- 

pm | 

Rel.  intensity: 

13  7 

68 

40 

%  activity: 

30  20 

170 

100 

CK 

CL. 

S-d 

T4-2  T4-2 

+ 

Anti-MMP-9  WB 

■ 

3®# 

MMP-9 


MMP-9 


Rel.  intensity:  86  203  95  182  263  91  187 
%  activity:  ioo  240  110  210  310  110  220 


MMP-9 


Figure  7.  EGF-stimulated  Matrix  Metalloproteinase-9  (MMP-9)  secretion  by  T4-2  and  S-l  cells.  (A).  Zymography  of  conditioned  me¬ 
dia  from  T4-2  and  S-l  cells  +/-  EGF.  (B).  Western  blotting  of  T4-2  cell  conditioned  media  +/-  EGF  with  an  anti-MMP-9  antibody. 
(C).  Zymography  of  EGF-stimulated  T4-2  cell  conditioned  media  in  the  absence  and  presence  of  various  inhibitors.  The  relative  intensities  of 
the  bands  were  determined  by  densitometry  as  indicated  below  the  respective  bands. 


DISCUSSION 

We  have  used  the  HMT-3522  series  of  breast  ep¬ 
ithelial  cells  as  a  model  for  studying  growth  factor- 
dependent  cellular  invasiveness  and  migration.  The 
initial  finding  of  our  work  is  that  T4-2  breast  epithe¬ 
lial  cells  were  found  to  invade  a  Matrigel/fibronectin 
layer,  and  to  migrate  on  a  plastic  culture  dish  in 
response  to  EGF.  The  related  S-l  cells  from  this 
HMT-3522  series  failed  to  invade  or  migrate  un¬ 
der  these  conditions.  We  then  investigated  the  dif¬ 
ferences  in  EGF  signaling  between  the  two  cell 
lines  that  might  account  for  the  differences  in  the 


invasion  and  motility.  Our  findings  regarding  the  in¬ 
vasiveness  and  motility  of  the  T4-2  cells  in  response 
to  EGF  represent  a  new  approach  to  the  observa¬ 
tion  of  phenotypic  differences  between  the  T4-2  and 
S-l  cells.  Our  results  regarding  the  invasiveness  of 
these  cells,  under  the  conditions  that  we  have  de¬ 
veloped,  are  consistent  with  the  findings  of  Weaver 
and  others  (45)  and  Wang  and  others  (44)  in  the 
three-dimensional  culture  in  that  the  phenotypes  are 
determined  by  up-regulation  of  p  1  integrin  and  the 
EGF  receptor.  However,  in  our  system,  the  tumor 
properties  of  invasion  and  motility  specifically  oc¬ 
cur  in  response  to  EGF,  and  we  have  shown  that  both 
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Erk  1,2  and  PI  3 -kinase  pathways  are  required  in 
order  to  produce  the  invasive  phenotype. 

There  are  two  general  points  that  can  be  made 
about  the  studies  on  inhibition  of  invasion  and  motil¬ 
ity  (Figures  2  and  3).  Firstly,  the  studies  involving  in¬ 
hibitors  of  invasion  and  motility  point  to  a  number  of 
pathways  that  are  essential  for  the  processes  to  occur. 
These  include  requirements  for  Erk  1,2,  PI  3-kinase, 
metalloproteinases,  and  j3 1  integrin.  The  means  by 
which  these  pathways  might  be  operative  in  invasion 
and  motility  will  be  addressed  below.  Secondly,  there 
appears  to  be  little  difference  between  the  require¬ 
ments  for  invasion  and  for  scattering,  based  on  the 
responses  to  the  various  inhibitors  in  the  two  assays. 
This  does  not  necessarily  mean  that  the  mechanism 
of  invasion  is  the  same  as  that  of  motility  across  a 
surface.  It  may  be  that  the  way  in  which  the  invasion 
assay  is  set  up,  the  penetration  through  the  Matrigel, 
is  not  a  major  factor  in  cells  reaching  the  other  side 
of  the  membrane.  Thus,  movement  across  a  surface 
may  be  a  major  factor  in  the  motility,  even  in  the 
Matrigel-coated  membrane  of  the  Transwell.  It  is  of 
interest  that  both  of  the  processes  require  the  action 
of  metalloproteinases.  This  is  an  indication  that  pro¬ 
tease  action  is  not  only  required  for  penetration  of 
the  Matrigel  layer  in  the  Transwell,  but  may  also  be 
important  for  such  processes  as  the  release  of  cel¬ 
lular  adhesions  of  the  advancing  cell.  The  effects 
of  inhibitors  on  cellular  invasion  suggest  that  some 
elements  such  as  fil  integrin,  metalloproteinases, 
and  p38  MAP  kinase  are  absolutely  required  for 
the  invasion  and  motility  of  T4-2  cells.  Other  com¬ 
ponents  such  as  PI  3 -kinase  and  Erk  1,2  appear  to 
contribute  significantly  to  invasion  and  motility,  but 
may  not  be  absolutely  required  based  on  the  par¬ 
tial  inhibitions  of  invasion  (Figure  2)  and  motility 
(Figure  3). 

Our  finding  that  Erk  1 ,2  activation  is  important  for 
invasiveness  and  motility  is  consistent  with  previous 
findings  in  the  HMT-3522  series  (44).  Our  results 
showing  a  transcriptional  requirement  for  invasive¬ 
ness  indicate  that  Erk  1,2  may  lead  to  increases  in 
transcription.  However,  the  fact  that  PD98059  in¬ 
hibited  invasion  only  by  ~63%,  while  actinomycin 
D  completely  inhibited  invasion,  indicates  that  a 


certain  amount  of  EGF-dependent  transcription  is 
occurring  through  non-  Erk  1,2  related  pathways. 
Since  a  strong  inhibition  of  invasion  was  seen  with 
the  p38  MAP  kinase  inhibitor  SB202190,  it  is  possi¬ 
ble  that  this  MAP  kinase  is  also  responsible  for  tran¬ 
scriptional  regulation  leading  to  migration.  There  are 
numerous  reports  of  both  Erk  1,2  and  p38  MAP  ki¬ 
nases  being  required  for  transcription  (11),  Ravanti 
and  others  (34),  Ozanne  and  others  (30).  The  fact 
that  the  p38  inhibitor  completely  inhibits  the  inva¬ 
sion  may  indicate  that  some  of  its  targets  are  more 
essential  for  invasion  compared  to  those  of  the  Erk 
1,2  inhibitor. 

The  differential  ability  to  activate  PI  3-kinase  ap¬ 
pears  to  be  an  important  factor  in  determining  the 
invasion  and  motility  of  the  T4-2  and  S-l  cells.  PI 
3 -kinase  activity  has  been  shown  to  play  a  role  in 
stimulating  actin  cytoskeletal  rearrangement  (35), 
cellular  adhesion  (6),  and  cell  survival  (12).  Here, 
we  show  that  MMP-9  secretion  by  T4-2  cells  is  de¬ 
pendent  on  PI  3-kinase  activity  (Figure  7C).  Thus, 
LY294002  treatment  (Figure  2)  may  have  led  to 
decreased  invasiveness  partly  by  decreasing  MMP- 
9  secretion.  As  is  noted  in  the  Results,  we  found 
that  changes  in  PAK1  and  Akt  kinases  in  response 
to  EGF  did  not  appear  to  be  major  factors  in  the 
cell  motility,  as  they  were  similar  in  T4-2  and 
S-l  cells.  This  does  not  mean  that  these  kinases 
do  not  play  a  role  in  cell  motility  and  invasive¬ 
ness.  In  fact,  the  PAK1  kinase  has  been  shown  by 
other  workers  to  have  a  specific  role  in  the  direc¬ 
tionality  and  persistence  of  cell  motility  (38).  It  has 
also  been  shown  by  Adam  and  others  (1)  that  the 
PAK1  kinase  regulates  breast  cancer  invasiveness  in 
a  PI  3 -kinase-dependent  manner.  However,  in  the 
case  of  the  T4-2  and  S-l  cells,  it  appears  that  PI  3- 
kinase  is  not  a  major  determinant  of  PAK1  activity, 
as  there  is  no  differential  activation  when  comparing 
the  two  cell  lines.  Since  Akt  has  not  been  reported 
to  be  connected  with  motility,  it  is  somewhat  un¬ 
derstandable  that  there  would  be  no  difference  in 
its  activation  in  T4-2  and  S-l  cells.  Another  possi¬ 
ble  mode  of  action  of  PI  3-kinase  leading  to  motil¬ 
ity  may  be  through  the  stimulation  of  the  GTPases 
Racl,  Cdc42,  and  RhoA  (19,  5).  These  GTPases 
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have  been  reported  to  activate  the  Wiscott  Aldrich 
Associated  Protein  (WASP)  and  then  the  Arp2/3 
complex  leading  to  actin  cytoskeletal  rearrangement 
(17,  20,  26,  32,  35,  41).  This  is  another  area  that 
needs  to  be  investigated  in  the  HMT-3522  system  in 
terms  of  the  effects  of  PI  3-kinase  on  motility. 

As  indicated  by  the  effect  of  the  anti-jS  1  integrin 
antibody,  f)  1  integrin  plays  a  significant  role  in  mi¬ 
gration  and  invasion.  The  requirement  of  the  fi  1  in¬ 
tegrin  might  relate  to  the  process  of  cellular  adhesion 
independent  of  growth  factor  action,  fi  1  integrin  in 
a  heterodimeric  complex  with  a  5  and  a6  integrins 
is  known  to  play  a  role  in  the  adhesion  to  extracel¬ 
lular  matrix,  predominantly  fibronectin,  in  neuronal 
(42),  neutrophilic  (3 1 ),  and  tumor  cells  (3, 4).  In  our 
studies,  there  appeared  to  be  little  regulation  of  the 
level  of  >31  integrin  by  EGF  (data  not  shown).  This, 
however,  does  not  rule  out  the  possible  modulation 
of  f$\  integrin  binding  affinity  by  EGF  signaling. 
Numerous  reports  have  shown  the  importance  of  PI 
3-kinase  leading  to  the  activation  of  the  small  GT- 
Pases  Racl,  Cdc42,  and  RhoA  in  connection  with 
cell  motility  (5,  19,  37).  The  studies  of  Berrier  and 
others  (6)  also  indicate  the  importance  of  fi\  inte¬ 
grin  signaling  to  GTPases  via  PI  3-kinase.  While  our 
studies  do  not  indicate  the  mode  of  action  of  /3 1  in¬ 
tegrin,  they  clearly  show  that  its  interaction  with  the 
extracellular  matrix  via  fi  1  integrin  is  essential  for 
cell  motility  and  invasion. 

In  summary,  our  findings  point  to  an  increased  ac¬ 
tivation  of  the  EGF  receptor  in  the  invasive  T4-2  cells 
compared  to  the  noninvasive  S-l  cells.  This  more 
highly  activated  EGF  receptor  leads  to  increased  sig¬ 
naling  through  both  PI  3-kinase  and  MAP  kinase 
Erk  1 ,2  pathways.  One  of  the  major  down-stream 
effects  of  increased  PI  3-kinase  activity  appears  to 
be  increased  MMP-9  secretion.  We  have  shown  the 
importance  of  both  PI  3-kinase  and  MMP-9  in  the 
invasion  process  by  the  use  of  specific  inhibitors.  PI 
3-kinase  may  also  have  other  effects  on  actin  cy¬ 
toskeletal  rearrangement  important  for  cell  motil¬ 
ity.  Erk  1 ,2  activation  is  important  for  invasion,  and 
this  may  be  related  to  the  fact  that  specific  EGF- 
dependent  transcriptional  activity  is  required  for  in¬ 
vasion.  Genes  important  for  the  invasive  phenotype 


may  include  integrins  such  as  integrin  £1,  which 
we  have  shown  to  be  important  for  adhesion  and 
invasion.  Two  other  serine/threonine  kinases,  PAK1 
and  Akt,  are  regulated  by  EGF,  but  show  no  signif¬ 
icant  differences  in  the  T4-2  and  S-l  cells,  indicat¬ 
ing  that  these  activities  are  not  sufficient  in  them¬ 
selves  to  lead  to  motility.  Nonetheless,  they  may  still 
contribute  to  the  motile  phenotype.  Taken  together, 
increased  EGFR  signaling  leading  to  higher  PI  3- 
kinase  and  Erk  1,2  activities  is  important  in  deter¬ 
mining  the  increased  invasive  and  migratory  abilities 
of  HMT-3522  T4-2  cells  as  compared  to  the  nonin- 
vasive/nonmigratory  S-l  cells. 
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ABSTRACT 


Vascular  endothelial  growth  factor  (VEGF),  also  known  as  vascular  permeability  factor 
(VPF),  has  been  shown  to  increase  potently  the  permeability  of  endothelium  and  is  highly 
expressed  in  breast  cancer  cells.  In  this  study,  we  investigated  the  role  of  VEGF/VPF  in 
breast  cancer  metastasis  to  the  brain.  To  metastasize  to  the  brain,  malignant  tumor  cells 
must  attach  to  microvessel  endothelial  cells  and  then  invade  the  blood-brain  barrier 
(BBB). 

We  observed  that  VEGF/VPF  induced  a  retraction  of  the  human  brain  microvascular 
endothelial  cell  (HBMEC)  monolayer  and  increased  significantly  the  adhesion  and 
transendothelial  migration  of  the  highly  metastatic  MDA-MB-231  breast  cancer  cells 
onto  this  monolayer.  These  effects  were  inhibited  by  pre-treatment  of  HBMECs  with  the 
VEGF/VPF  receptor  inhibitor,  SU-1498,  and  the  calcium  chelator  BAPTA-AM.  In 
addition,  we  observed  inhibition  of  transendothelial  migration  in  MDA-MB-231  clones 
stably  transfected  with  antisense  VEGF/VPF:  AS-VEGF-C1  and  AS-VEGF-C2. 
Furthermore,  we  found  that  down-regulation  of  VEGF/VPF  expression  resulted  in 
apoptosis  of  these  cells.  Apoptosis  gene  array  analysis  revealed  significant  up-regulation 
of  apoptosis-related  genes  such  as  TRAIL,  Cox-2,  caspase-7,  and  -8  in  AS-VEGF-C1  and 
-C2  cell  clones.  Activation  of  PI3-kinase  as  well  as  phosphorylation  of  Akt  were 
significantly  increased  in  cells  overexpressing  VEGF/VPF,  indicating  that  VEGF/VPF 
mediates  autocrine  survival  signaling  via  the  PI3-kinase/Akt  pathway  in  MDA-MB-231 
cells. 

Taken  together,  these  findings  indicate  that  VEGF/VPF  plays  a  role  in  breast  cancer 
metastasis  by  enhancing  the  transendothelial  migration  of  tumor  cells  through  the  down- 
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regulation  of  endothelial  integrity  in  a  paracrine  mode  and  the  promotion  of  tumor  cell 
survival  via  the  PI3-kinase/Akt  pathway  in  an  autocrine  mode. 
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INTRODUCTION 


Brain  metastasis,  which  is  an  important  cause  of  cancer  morbidity  and  mortality, 
occurs  in  at  least  30%  of  patients  with  breast  cancer.  A  key  event  of  brain  metastasis  is 
the  migration  of  cancer  cells  through  the  blood-brain  barrier  (BBB),  which  constitutes  the 
endothelium  and  the  surrounding  cells  (1,  2).  To  metastasize  to  the  brain,  malignant 
tumor  cells  must  enter  into  the  circulatory  system  through  the  endothelium 
(intravasation),  and  then  attach  to  microvessel  endothelial  cells  to  invade  the  BBB 
(extravasation)(l).  The  precise  molecular  mechanism  of  extravasation  of  tumor  cells 
penetrating  the  BBB  is  poorly  defined.  A  widely  supported  hypothesis  is  that  tumor  cell 
adhesion  to  endothelium  induces  the  retraction  of  endothelial  cells,  which  exposes  their 
basement  membrane  to  the  tumor  cells  (3).  Tumor  cells  recognize  and  bind  to 
components  in  the  vascular  membrane,  thereby  initiating  extravasation  and  the  beginning 
of  new  growth  at  secondary  organ  sites  (4).  This  suggests  that  the  intact  endothelium  can 
serve  as  a  “defensive  barrier”  to  the  extravasation  of  tumor  cells. 

Tumor  bearing  blood  vessels,  however,  do  not  seem  to  be  effective  in  acting  as  a 
defensive  barrier  for  the  prevention  of  tumor  cell  intravasation,  since  these  blood  vessels 
display  high  leakage  and  disrupted  integrity  (5,  6).  Hypoxia  is  believed  to  contribute  to 
the  leakage  of  tumor  blood  vessels  by  inducing  increased  vascular  permeability  (7,  8). 
Hypoxia  is  also  a  strong  inducer  of  vascular  endothelial  growth  factor  (VEGF),  otherwise 
known  as  vascular  permeability  factor  (VPF)(9,  10).  VEGF/VPF  has  potent  mitotic 
activity  specific  to  vascular  endothelial  cells  and  significant  vascular  permeable  activity 
(11,  12).  VEGF/VPF  binds  to  its  cognate  receptors.  Fit- 1 ,  Flk-l/KDR  and  neuropilin-1. 
Among  them,  Flk-l/KDR  is  responsible  for  the  initiation  of  signal  transduction  pathways 
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within  the  cells  (11,  12).  VEGF/VPF  has  an  essential  role  in  promoting  new  blood  vessel 
formation  (angiogenesis)  during  tumor  development,  and  inhibition  of  its  function 
effectively  prevents  tumor  growth  through  incomplete  blood  vessel  formation  (13,  14). 
Indeed,  VEGF/VPF  expression  has  been  reported  in  a  number  of  cancer  cell  lines  and  in 
several  clinical  specimens  derived  from  breast,  brain,  and  ovarian  cancers  (15-18). 
Although  the  role  of  VEGF/VPF  as  an  angiogenic  factor  in  primary  tumor  growth  and 
secondary  tumor  growth  (metastatic  tumors)  is  well  studied,  its  role  as  a  vascular 
permeability  factor  in  metastatic  processes  is  not  well  elucidated.  Tumor  cells  may  more 
easily  penetrate  a  retracted  endothelial  monolayer  caused  by  VEGF/VPF  than  a  tightly 
arranged  monolayer,  suggesting  that  the  vascular  permeability  activity  of  VEGF/VPF 
contributes  an  “offensive  ability”  to  the  tumor  cells,  allowing  them  to  penetrate  blood 
vessels.  To  examine  this  hypothesis,  we  constructed  a  Transwell  culture  system  of  the 
human  brain  endothelial  monolayer  as  an  in  vitro  model  for  the  BBB.  We  then  evaluated 
the  inter-relationship  between  the  integrity  of  the  endothelial  monolayer  and  the  vascular 
permeability  of  VEGF/VPF  and  their  effect  on  the  transendothelial  migration  of  the 
highly  metastatic  MDA-MB-23 1  breast  cancer  cells. 

Importantly,  the  functions  of  VEGF/VPF  do  not  seem  to  be  restricted  exclusively  to 
endothelial  cells,  since  some  tumor  cells  have  been  reported  to  express  VEGF/VPF 
receptors.  In  nearly  50%  of  the  breast  tumors,  there  was  significant  expression  of  Flt-1 
and  Flk-l/KDR  in  the  tumor  epithelial  cells,  correlating  with  the  expression  of 
VEGF/VPF  by  these  cells  (19).  Furthermore,  recent  studies  showed  that  VEGF/VPF  acts 
as  an  autocrine  growth  and  survival  factor  for  VEGF/VPF  receptor-expressing  tumor 
cells,  including  breast  cancer  cells  (20,  21).  Our  previous  studies  also  demonstrated  that 
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VEGF/VPF  induces  intracellular  signaling-mediated  proliferation  and  invasion  in  breast 
cancer  cells  (22,  23).  Therefore,  in  this  study,  we  also  investigated  whether  the  autocrine 
role  of  VEGF/VPF  as  a  survival  factor  in  MDA-MB-231  cells,  which  are  known  to 
express  high  amount  of  VEGF/VPF  (20),  contributes  to  their  penetration  of  the 
endothelial  monolayer. 


EXPERIMENTAL  PROCEDURES 


Materials — Human  recombinant  VEGF 165/VPF  and  anti-human  VEGF/VPF 
monoclonal  antibody  were  obtained  from  Genentech  Inc  (SanFrancisco,  CA).  Human 
recombinant  bFGF  was  purchased  from  R  &  D  Systems,  Inc.  (Minneapolis,  MN). 
Rhodamine-Phalloidin,  Dil  and  BCECF-AM  were  from  Molecular  Probes,  Inc  (Eugene, 
OR),  and  PD98059,  BAPTA-AM,  Wortmannin,  and  SU-1498  were  purchased  from 
Calbiochem,  Inc  (San  Diego,  CA).  Anti-human  VE-cadherin  monoclonal  antibody  was 
from  Chemicon  International,  Inc  (Temecula,  CA).  Anti-human  phospho-Akt/PKB 
antibody  was  purchased  from  New  England  Biolabs  (Beverly,  MA).  Anti-mouse 
phospho-ERK  and  anti-human  Csk  antibodies  were  from  Santa  Cruz  Biotechnology  (San 
Diego,  CA).  Anti-human  p85  subunit  specific  PI3-kinase  antibody  was  purchased  from 
Upstate  Biotechnology  (Lake  Placid,  NY). 

Cell  Culture — Human  brain  microvascular  endothelial  cells  (HBMECs)  were 
purchased  from  Cell  Systems  Inc.  (Kirkland,  WA).  The  cells  were  seeded  onto 
attachment  factor-coated  culture  plates  and  maintained  in  CSC-complete  medium 
according  to  the  protocol  of  the  manufacturer.  The  HBMECs  formed  tubular-like 
networks  on  matrigel  and  produced  the  endothelial-specific  marker,  von  Willebrand 
factor,  indicating  that  these  cells  maintained  the  general  properties  of  endothelial  cells 
(24).  During  the  course  of  the  experiment,  the  cells  were  used  until  passages  three  to 
seven,  and  checked  routinely  for  expression  of  von  Willebrand  factor.  The  breast  tumor 
cell  line,  MDA-MB-231,  was  obtained  from  ATCC  and  maintained  in  culture  medium 
(DMEM  containing  10%  FBS,  2  mM  L-glutamine).  Both  cell  lines  were  incubated  in  5% 
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C02  at  37  °C. 


Fluorescent  Labeling  of  MDA-MB-2 31  cells — MDA-MB-23 1  cells  were  incubated 
with  200  nM  Dil  for  30  min  and  then  washed  twice  with  PBS.  Dil-labeled  cells  were 
dispersed  in  0.05%  trypsin  solution  and  resuspended  in  culture  medium.  Alternatively, 
tumor  cells  were  dispersed  in  0.05%  trypsin  solution  and  incubated  with  1  pM  BCECF- 
AM  for  1 5  min,  then  centrifuged  three  times  to  remove  free  BCECF-AM. 

Transendothelial  Migration  Assay  of  MDA-MB-231  cells — HBMECs  growing  on 
attachment  factor-coated  culture  plates  were  dispersed  in  0.05%  trypsin  solution  and 
resuspended  in  CS-C  complete  medium.  Approximately  100,000  cells  were  added  to 
fibronectin-coated  24-well  Transculture  inserts  with  pores  of  8  pm  (Costar  Corp.)  and 
grown  for  5  days  in  5%  C02  at  37  °C.  The  medium  was  replaced  every  day  with  fresh 
medium.  Prior  to  the  assays,  the  monolayers  were  washed  once  with  CS-C  medium 
without  growth  factor  and  then  40,000  Dil-labeled  MDA-MB-231  cells  in  100  pi  of  the 
same  medium  were  added  to  the  apical  chamber.  To  exclude  the  chemoattractant  effect 
of  the  added  growth  factor,  VEGF/VPF  or  bFGF  was  added  evenly  to  the  apical  and 
basolateral  chambers.  In  the  case  of  inhibitor  treatment,  the  monolayers  were  pre-treated 
for  30  min  and  all  inhibitors,  except  for  VEGF/VPF  monoclonal  antibodies  and  SU-1498, 
were  removed  from  the  monolayers  by  washing  twice  with  culture  medium.  After 
incubation  for  6  hours,  the  apical  chambers  were  fixed  with  3.7%  formaldehyde  and 
washed  extensively  with  PBS.  To  remove  non-migrating  cells,  the  apical  side  of  the 
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apical  chamber  was  scraped  gently  with  cotton  wool  and  only  the  migrating  tumor  cells 
were  observed  under  a  fluorescent  microscope.  Migrating  cells  were  counted  from  10 
random  fields  of  200  magnification. 

Adhesion  Assay  ofMDA-MB-231  ce//s— -HBMECs  were  added  to  attachment  factor- 
coated  24-well  culture  plates  and  grown  for  5  days  in  5%  CO2  at  37  °C.  The  medium  was 
replaced  every  day  with  fresh  medium.  Prior  to  the  assays,  the  monolayers  were  washed 
once  with  CS-C  medium  without  growth  factor  and  then  100,000  of  Dil-labeled  MDA- 
MB-231  cells  in  500  pi  of  the  same  medium  were  added  to  each  well  with  or  without  test 
samples.  In  the  case  of  inhibitor  treatment,  the  monolayers  were  pre-treated  for  30  min 
and  all  inhibitors,  except  for  VEGF/VPF  monoclonal  antibodies  and  SU-1498,  were 
removed  from  the  monolayers  by  washing  twice  with  culture  medium.  After  incubation 
for  2  hours,  the  wells  were  fixed  with  3.7%  formaldehyde  and  washed  extensively  with 
PBS  to  remove  floating  tumor  cells.  Attached  tumor  cells  were  observed  under  a 
fluorescent  microscope  and  counted  from  10  random  fields  of  200  magnification. 

To  detach  the  endothelial  monolayer  and  prepare  the  sub-endothelial  basement  (SEB) 
membrane  components,  the  monolayers  were  treated  with  50  mM  NH4OH  solution  for  5 
min  as  indicated  previously  (25),  and  washed  extensively  with  PBS  before  adding  the 
Dil-labeled  MDA-MB-231  cells. 

Retraction  Assay  of  HBMECs — To  monitor  the  extent  of  endothelial  cell  retraction, 
the  amount  of  [3H]  inulin  (Amersham  International)  passing  across  an  endothelial 
monolayer  was  measured  as  described  (14).  Briefly,  approximately  100,000  HBMECs 
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were  added  to  fibronectin-coated  24-well  Transculture  inserts  with  pores  of  0.4  pm 
(Falcon  Corp.)  and  grown  for  5  days  in  5%  C02  at  37°C.  The  medium  was  replaced  every 
day  with  fresh  medium.  After  the  removal  of  culture  medium,  0.4  ml  of  the  fresh  culture 
medium  containing  [3H]  inulin  (1  pCi)  was  added  to  the  apical  chamber.  The  basolateral 
chamber  was  filled  with  0.6  ml  of  the  same  medium  without  [3H]  inulin  and  then  30 
ng/ml  of  VEGF/VPF  were  added  to  the  apical  and  basolateral  chambers.  In  the  case  of 
inhibitor  treatment,  the  monolayers  were  pre-treated  for  30  min  before  VEGF/VPF 
treatment.  After  incubation  for  2  hours,  30  pi  of  medium  from  the  basolateral  chamber 
was  collected  and  the  amount  of  [3F1]  inulin  across  the  monolayers  was  determined  by 
scintillation  counting. 

F-Actin  Staining  of  HBMECs — HBMECs  were  added  to  fibronectin-coated  24-well 
Transculture  inserts  with  pores  of  0.4  pm  and  grown  for  5  days  in  5%  C02  at  37°C.  After 
the  assays,  the  cells  were  fixed  with  3.7%  formaldehyde  in  PBS  for  20  min,  and  then 
permeabilized  with  0.5%  Triton  X-100  for  10  min.  Following  a  PBS  washing,  the  cells 
were  blocked  with  20%  goat  serum  in  PBS  and  then  incubated  at  room  temperature  with 
Rhodamine-Phalloidin  (diluted  1 :40)  in  PBS  for  1  hour.  After  washing  by  three  changes 
of  PBS,  the  polycarbonate  membranes  were  separated  carefully  from  the  apical  chamber, 
mounted  on  a  slide,  and  F-actin  staining  was  observed  under  a  fluorescent  microscope. 

VE-Cadherin  staining  of  HBMECs — HBMECs  were  added  to  fibronectin-coated  24- 
well  Transculture  inserts  with  pores  of  0.4  pm  and  grown  for  5  days  in  5%  C02  at  37°C. 


10 


After  the  assays,  the  cells  were  fixed  with  3.7%  formaldehyde  in  PBS  for  20  minutes,  and 
then  permeabilized  with  0.5%  Triton  X-100  for  10  min.  Alternatively,  1,000  BCECF- 
AM-labeled  MDA-MB-231  cells  were  added  to  each  well  with  or  without  VEGF/VPF 
(30  ng/ml).  After  incubation  for  2  hours,  the  wells  were  fixed  with  3.7%  formaldehyde, 
washed  extensively  with  PBS  to  remove  floating  tumor  cells,  and  then  permeabilized 
with  0.5%  Triton  X-100  for  10  min.  Following  a  PBS  washing,  the  cells  were  blocked 
with  20%  goat  serum  in  PBS  for  1  hour  before  overnight  incubation  at  4°C  with  anti¬ 
human  VE-cadherin  monoclonal  antibody  (2  pg/ml)  diluted  by  calcium  containing 
serum-free  DMEM.  After  washing  by  three  changes  of  PBS,  the  cells  were  incubated  for 
1  hour  with  goat  anti-mouse  IgG  Texas-red  (diluted  1:200)  in  PBS.  After  washing  by 
three  changes  of  PBS,  the  polycarbonate  membranes  were  separated  carefully  from  the 
apical  chamber,  mounted  on  a  slide,  and  viewed  under  a  confocal  microscope. 

Generation  of  Stable  Antisense  VEGF/VPF-Transfected  MDA-MB-231  Cells — 
Human  cDNA  clones  encoding  VEGF/VPF  were  amplified  by  reverse  transcription  PCR 
using  the  following  primers  5'-ACGACAGAAGGGGAGCAGAAAG-3'  (forward)  and 
5'-GGAACGTTGCGCTCAGACACA-3'  (backward).  Subsequently,  the  576  bp  VEGF 
cDNA  was  cloned  using  the  pBluescript  aSK  (+/-)  vector  (Stratagene,  La  Jolla,  CA)  and 
sequenced  using  the  T7  promoter  and  primers.  Both  sense  and  antisense  orientations  were 
cloned  into  the  Kpnl  enzyme  site  of  the  constitutive  mammalian  expression  vector, 
pZeoSV  (Invitrogen,  Carlsbad,  CA),  and  sequenced  using  the  T3  and  SP6  primers.  MDA- 
MB-231  cells  were  transfected  with  antisense  VEGF/VPF  vector  and  selected  in  the 
presence  of  Zeocin  (1  mg/ml).  VEGF/VPF  expression  of  MDA-MB-231  transfectants 
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was  analyzed  by  Western  blotting  using  polyclonal  anti-VEGF/VPF  antibody  (Santa  Cruz 
Biotechnology,  San  Diego,  CA). 

Western  Blotting — MDA-MB-231  cells  were  lysed  in  kinase  lysis  buffer  (New 
England  Biolabs).  Proteins  were  separated  by  sodium  dodecyl  sulfate-polyacrylamide  gel 
electrophoresis  (SDS-PAGE)  under  reducing  condition,  and  transferred  onto 
nitrocellulose  membrane  (Millipore,  Boston,  MA).  The  membranes  were  blocked  with 
5%  bovine  serum  albumin  in  PBS  and  subsequently  incubated  with  primary  antibody  for 
overnight  incubation  at  4°C.  Bound  antibodies  were  detected  by  horseradish  peroxidase- 
conjugated  secondary  antibody  and  enhanced  chemiluminescence  (Amersham  Pharmacia 
Biotech,  Piscataway,  NJ). 

Adenovirus  Infection — an  adenoviral  construct  encoding  VEGF/VPFim  (VEGF-Ad) 
was  constructed  as  described  previously  (26).  MDA-MB-231  cells  were  starved  in 
DMEM  containing  0.5%  FBS  overnight  and  infected  with  VEGF-Ad  or  control 
adenovirus  (CTL-Ad)  at  a  multiplicity  of  infection  (MOI)  of  100  for  24  hours.  Cells  were 
then  lysed  in  kinase  lysis  buffer  for  Western  blotting  and  PI3-kinase  assay. 

TUNEL  Assay — MDA-MB-231  cells  and  antisense  VEGF/VPF  stable  clones  were 
grown  on  chamber  slides  and  stained  with  the  fluorescein  in  situ  cell  death  detection  kit 
(Boehringer  Mannheim),  which  is  based  on  the  TUNEL  method,  according  to  the 
protocol  of  the  manufacturer.  After  washing  with  PBS,  the  cells  were  mounted  and 
intracellular  fluorescein-labeled  fragmented  DNA  was  detected  by  microscopic  analysis. 
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Flow  Cytometry  Analysis — MDA-MB-231  cells  and  antisense  VEGF/VPF  stable 
clones  were  grown  subconfluently  in  6-well  plates  in  culture  medium  containing  10% 
FBS.  The  cells  were  harvested,  centrifuged  and  fixed  with  70%  cold  ethanol  for  a 
minimum  of  2  hours.  Ethanol-fixed  cells  were  centrifuged  and  washed  once  with  PBS. 
The  cell  pellet  was  suspended  in  1  ml  of  PI/Triton  X-100  staining  solution  (0.1%  Triton 
X-100,  20  pg/ml  PI,  0.2  mg/ml  RNase  in  PBS)  and  incubated  for  15  min  at  37  °C. 
Samples  were  analyzed  by  flow  cytometry  (Becton-Dickinson)  and  apoptosis  was 
measured  as  the  percentage  of  cells  with  a  sub  Go/  Gj  DNA  content  in  the  PI  intensity- 
area  histogram  plot  (27). 

Apoptosis  cDNA  Array — MDA-MB-231  cells  and  antisense  VEGF/VPF  stable 
transfected  clones  were  grown  subconfluently  in  6-well  plates  in  culture  medium 
containing  10%  FBS.  Total  RNA  preparation  and  hybridization  procedures  were 
performed  according  to  the  manufacturer’s  protocol.  Briefly,  equal  amounts  (2  pg)  of 
total  RNA  from  MDA-MB-231  cells  and  AS-VEGF  clones  were  used  for  the  human 
apoptosis  cDNA  array  analysis,  with  a  commercially  available  membrane  (R&D 
Systems).  The  membranes  were  prehybridized  at  65°C  for  2  hours  in  a  hybrid  solution 
(R&D  Systems)  containing  1 00  pg/ml  freshly  boiled  salmon  sperm  DNA,  after  which  the 
cDNA  probes  were  hybridized  onto  the  membranes  at  65°C  for  18  hours.  The  membranes 
were  washed  three  times  in  low  stringency  washing  buffer  (2  x  SSPE  -  1%  SDS)  and 
three  times  in  high  stringency  washing  buffer  (0.1  X  SSPE  -  0.5%  SDS)  at  65°C  for  20 
min  each.  The  membranes  were  then  exposed  on  a  phosphorimager  (Molecular 
Dynamics,  Sunnyvale,  CA)  and  analyzed  using  ArrayVision™  software  (Imaging 
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Research  Inc.,  Ontario,  Canada). 


PI3-kinase  assay — Cell  lysates  containing  1  mg  of  protein  were  incubated  overnight 
at  4°C  with  anti-human  p85  subunit  specific  PI3-kinase  antibody  and  Protein  G 
Sepharose  (Pharmacia).  The  Sepharose  beads  were  washed  with  wash  buffer- 1  (25  mM 
HEPES,  150  mM  NaCl,  5  mM  MgCl2,  0.1%  Triton  X-100,  0.2  mM  EDTA,  pH  7.4)  and 
twice  with  wash  buffer-2  (25  mM  HEPES,  150  mM  NaCl,  5  mM  MgCl2,  0.2  mM  EDTA, 
pH  7.4).  The  beads  were  resuspended  in  reaction  buffer  (25  mM  HEPES,  5  mM  MgCl2, 
0.2  mM  EDTA,  pH  7.4)  containing  5  pg  of  phosphatidyl  inositol  (PI),  50  pM  ATP,  and  5 
pCi  [y-32P]ATP  and  incubated  for  10  min  at  room  temperature.  After  the  reaction  was 
stopped  by  the  addition  of  300  pi  of  1:1  mixture  of  HC1  and  methanol,  lipids  were 
extracted  by  the  addition  of  250  pi  of  chloroform  and  were  resolved  on  thin  layer 
chromatography  plates.  The  plates  were  then  exposed  to  X-ray  film. 
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RESULTS 


VEGF/VPF  Increases  Penetration  of  MDA-MB-231  Cells  across  an  HBMEC 
Monolayer — To  test  whether  VEGF/VPF  increases  tumor  cell  penetration,  Dil-labeled 
MDA-MB-231  cells  were  added  to  an  HBMEC  monolayer  cultured  onto  a  Transwell 
apical  chamber,  and  then  penetrating  MDA-MB-231  cells  were  assessed  under  a 
fluorescent  microscope.  VEGF/VPF  treatment  led  to  a  dose-dependent  increase  in  the 
penetration  of  MDA-MB-231  cells  across  the  HBMEC  monolayer  as  compared  to  the 
untreated  control  (Fig.  1).  However,  basic  fibroblast  growth  factor  (bFGF),  which  is  also 
known  as  a  potent  endothelial  cell  growth  factor  that  does  not  increase  vascular 
permeability  (28),  failed  to  significantly  increase  the  transendothelial  migration  of  the 
cells.  These  data  indicate  the  possibility  that  increased  transmigration  of  MDA-MB-23 1 
cells  is  due  to  the  endothelial  cell  retraction  induced  by  VEGF/VPF  and  not  due  to  the 
mitogenic  effect  of  VEGF/VPF. 

MDA-MB-231  cells  failed  to  migrate  toward  either  the  basolateral  side  of  the 
formaldehyde-fixed  HBMEC  monolayer  or  the  fibronectin-coated  polycarbonate  filter 
without  the  HBMEC  monolayer  (data  not  shown),  indicating  that  the  living  endothelial 
monolayer  is  needed  to  induce  the  migration  of  tumor  cells  toward  the  basolateral  side  of 
the  filter  as  reported  previously  (29).  To  further  characterize  whether  VEGF/VPF  is 
related  directly  to  the  increased  transendothelial  migration  of  MDA-MB-23 1  cells,  the 
HBMEC  monolayer  was  treated  with  VEGF/VPF  monoclonal  antibodies  and  with  SU- 
1498,  an  antagonist  of  VEGF/VPF  receptor  (Flk-l/KDR).  As  shown  in  Fig.  3,  both 
treatments  against  VEGF/VPF  significantly  inhibited  the  transendothelial  migration  of 
MDA-MB-231  cells  at  20  pg/ml  and  50  pM,  respectively. 
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VEGF/VPF  Increases  the  Adhesion  of  MDA-MB-231  Cells  to  an  HBMEC 
Monolayer — Metastatic  tumor  cells  attach  more  preferentially  to  SEB  membrane 
components  than  to  the  apical  surface  of  an  intact  endothelial  monolayer  (30).  The  same 
phenomenon  was  observed  in  this  study  with  MDA-MB-231  cells  which  attached 
preferentially  to  areas  where  the  SEB  of  the  endothelial  cell  was  exposed  (Fig.  2,  right 
panel).  Therefore,  the  increased  transendothelial  migration  of  MDA-MB-231  cells 
induced  by  VEGF/VPF  might  result  from  increased  adhesion  of  the  cells  to  the  SEB 
membrane  components  of  endothelial  cells  which  were  exposed.  To  test  this  possibility, 
Dil-labeled  MDA-MB-23 1  cells  were  added  to  an  HBMEC  monolayer  cultured  onto  24- 
well  plates  with  or  without  VEGF/VPF  and  cell  adhesion  was  then  assessed  under  a 
fluorescent  microscope.  At  a  concentration  of  30  ng/ml,  VEGF/VPF  increased  the 
adhesion  of  MDA-MB-231  cells  to  the  HBMEC  monolayer  by  3-fold  as  compared  to  the 
untreated  control  (Fig.  2,  left  panel),  and  this  effect  was  blocked  by  VEGF/VPF 
monoclonal  antibodies  and  SU-1498  (Fig.  4).  However,  bFGF  failed  to  significantly 
increase  the  adhesion  of  tumor  cells  to  the  monolayer  as  compared  to  the  untreated 
control  (Fig.  2).  These  results  indicate  that  the  increased  transendothelial  migration  of 
MDA-MB-231  cells  induced  by  VEGF/VPF  was  at  least  in  part  derived  from  enhanced 
tumor  cell  adhesion  onto  the  exposed  SEB  membrane  components. 

VEGF/VPF  Increases  the  Transendothelial  Migration  and  Adhesion  of  MDA-MB- 
231  Cells  through  Calcium  Signaling — VEGF/VPF  stimulates  several  molecules 
mediating  intracellular  signals  in  endothelial  cells,  including  mitogen-activated 
protein/extracellular  signal-regulated  kinase  (ERK)  kinase  (MEK),  phosphatidylinositol 
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3-kinase  (PI3-kinase),  and  calcium  (11).  To  examine  which  signaling  pathways  of 
VEGF/VPF  in  endothelial  cells  are  responsible  for  the  increased  transendothelial 
migration  and  adhesion  of  MDA-MB-231  cells,  the  effects  of  specific  inhibitors  for 
various  VEGF/VPF  signaling  pathways  were  tested.  As  shown  in  Figs.  3  and  4,  the 
intracellular  calcium  chelator  (BAPTA-AM)  inhibited  the  increased  transendothelial 
migration  and  adhesion  of  MDA-MB-231  cells  stimulated  by  VEGF/VPF  while  the  MEK 
inhibitor  (PD98059)  and  the  PI3-kinase  inhibitor  (Wortmannin)  had  no  effect,  indicating 
that  VEGF/VPF  increases  the  transendothelial  migration  and  adhesion  of  MDA-MB-231 
cells  through  activation  of  endothelial  calcium  signaling. 

VEGF/VPF  Increases  the  Permeability  of  the  HBMEC  Monolayer — Endothelial  cell 
retraction  induces  the  breakdown  of  intercellular  junctions  and  leads  to  an  increase  in 
vascular  permeability.  Therefore,  we  measured  the  extent  of  endothelial  cell  retraction 
induced  by  VEGF/VPF  as  the  degree  of  permeability  change  of  [3H]  inulin  through  the 
HBMEC  monolayer.  As  expected,  VEGF/VPF  meaningfully  increased  the  permeability 
of  the  monolayer  as  compared  to  the  untreated  control,  and  this  effect  was  blocked  by 
VEGF/VPF  monoclonal  antibody  and  SU-1498  (Fig.  5).  Furthermore,  the  increased 
vascular  permeability  caused  by  VEGF/VPF  was  abolished  by  BAPTA-AM  but  not  by 
PD98059  and  Wortmannin  (Fig.  5),  indicating  that  calcium  signaling  mediates  the 
increased  permeability  induced  by  VEGF/VPF. 

VEGF/VPF  Induces  Cytoskeletal  Rearrangement  of  HBMECs — We  then  assessed 
the  mechanism  that  leads  to  increased  endothelial  cell  permeability.  One  important 
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regulatory  mechanism  for  the  integrity  of  endothelial  cell  junction  maintenance  is  the 
distribution  of  actin  to  a  cortical  pattern,  precluding  stress  fiber  formation.  As  shown  in 
Fig.  6A,  VEGF/VPF  caused  a  marked  redistribution  of  actin  fibers  which  condensed 
toward  the  center  of  the  cell,  with  resulting  stress  fiber  formation.  The  actin  condensation 
in  the  endothelial  cells  occurred  within  15  min  after  VEGF/VPF  treatment.  Actin 
redistribution  induced  by  VEGF/VPF  was  substantially  reversed  by  co-incubation  with 
VEGF/VPF  monoclonal  antibody  and  SU-1498  (data  not  shown).  These  data  indicated 
that  VEGF/VPF  was  responsible  for  the  architectural  change  within  the  endothelial  cell, 
leading  to  increased  vascular  permeability.  Since  we  found  that  calcium  signaling 
contributed  to  the  increased  permeability  stimulated  by  VEGF/VPF,  we  assessed  its 
contribution  to  the  redistribution  of  actin.  We  found  that  BAPTA-AM  potently  blocked 
the  effect  of  VEGF/VPF  in  stimulating  actin  redistribution  (Fig.  6A),  suggesting  a 
molecular  mechanism  for  the  role  of  calcium  in  modulating  the  permeability  of  the 
HBMEC  monolayer. 

We  also  examined  adherens  junction  protein  alignment  at  the  HBMEC  monolayer 
(Fig.  6B).  The  specific  endothelial  adherens  junctional  protein  VE-cadherin  has  been 
shown  to  maintain  and  perhaps  regulate  endothelial  barrier  properties  (31).  VE-cadherin 
was  disrupted  to  a  zig-zag  form  within  15  min  after  treatment  with  VEGF/VPF.  After  2 
hours,  gaps  between  adjacent  endothelial  cells  could  be  seen  where  junctional  protein 
staining  was  lost  (Fig.  6B).  Co-incubation  of  monolayers  with  BAPTA-AM  failed  to 
show  disorganization  of  VE-cadherin  or  promote  the  appearance  of  inter-endothelial  gap 
formation  (Fig.  6B),  indicating  that  calcium  signaling  governs  the  endothelial  junction 
disorganization  produced  by  VEGF/VPF. 
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These  data  suggest  that  the  increased  transendothelial  migration  of  MDA-MB-231 
cells  induced  by  VEGF/VPF  occurs  through  the  loss  of  junctional  proteins,  with 


concomitant  gap  formation  in  endothelial  monolayer,  as  shown  in  Fig.  6C. 

Down-Regulation  of  VEGF/VPF  Expression  Induces  Apoptosis  and  Inhibits  the 
Transendothelial  Migration  of  MDA-MB-231  Cells  — In  addition  to  its  vascular 
permeability  activity  in  endothelial  cells,  VEGF/VPF  induces  intracellular  signaling  that 
mediates  the  proliferation  and  invasion  of  breast  cancer  cells  (22,  23).  To  examine  the 
possibility  that  the  endogenous  VEGF/VPF  in  MDA-MB-231  cells  modulates  the 
transendothelial  migration  of  these  cells,  we  have  generated  MDA-MB-23 1  clones  stably 
transfected  with  antisense  VEGF/VPF  cDNA  constructs  (AS-VEGF-C1  and  -C2).  In 
these  clones,  VEGF/VPF  expression  was  down-regulated  significantly  as  compared  to  the 
parental  cells  (Fig.  7A).  When  these  cells  were  added  to  the  HBMEC  monolayer  and 
examined  for  transendothelial  migration,  the  two  stable  clones  showed  reduced  migration 
toward  the  bottom  of  the  HBMEC  monolayer  as  compared  to  the  parental  or  control 
vector  expressing  cells  (pZeoSV,  Fig.  7B).  Next,  using  cell  cycle  analysis  and  TUNEL 
assay,  we  investigated  whether  the  reduced  transendothelial  migration  of  AS-VEGF-C1 
and  -C2  clones  resulted  from  the  increased  apoptosis  of  these  cells.  As  shown  in  Fig.  8A 
and  B,  the  apoptosis  rates  of  AS-VEGF-C1  and  -C2  clones  were  significantly  increased 
over  the  parental  or  pZeoSV  cells,  indicating  that  endogenous  VEGF/VPF  acts  as  a 
survival  factor  in  MDA-MB-231  cells.  Furthermore,  apoptosis  gene  array  analysis 
revealed  that  apoptosis-related  genes  such  as  TRAIL,  Cox-2,  caspase-7,  and  -8  were  up- 
regulated  significantly  in  AS-VEGF-C1  and  -C2  clones  as  compared  to  the  parental  or 
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pZeoSV  cells  (Fig.  8C,  Table  1),  strongly  suggesting  that  the  reduced  transendothelial 
migration  of  AS-VEGF-C1  and  -C2  resulted  from  the  increased  apoptosis  of  these  cells. 

VEGF/VPF  Promotes  the  Survival  of  MDA-MB-231  Cells  Through  the  PI3-kinase 
Pathway— Since  VEGF/VPF  can  stimulate  the  PI3-kinase  pathway  (11),  we  examined 
whether  VEGF/VPF  mediates  the  survival  of  MDA-MB-231  cells  through 
phosphorylation  of  the  serine/threonine  kinase  Akt/PKB,  a  downstream  target  of  PI3- 
kinase.  To  test  this  possibility,  the  AS-VEGF-C1  clone  was  treated  with  VEGF/VPF  (100 
ng/ml)  for  15  min  and  the  phosphorylation  of  Akt  was  analyzed  by  Western  blotting. 
VEGF/VPF  increased  significantly  the  phosphorylation  of  Akt  as  compared  to  the 
untreated  control  (Fig.  9A),  but  failed  to  increase  the  phosphorylation  of  ERK  (data  not 
shown).  Epidermal  growth  factor  (EGF)  did  not  increase  significantly  the 
phosphorylation  of  Akt  as  compared  to  the  untreated  control.  In  addition,  VEGF-Ad- 
infected  cells  showed  increased  PI3-kinase  activity  and  Akt  phosphorylation  as  compared 
to  the  parental  or  CTL-Ad-infected  cells  (Fig.  9B,  C,  and  D).  However,  no  change  in  the 
ERK  phosphorylation  of  VEGF-Ad-infected  cells  was  observed  (Fig.  9E).  These  data 
indicate  that  VEGF/VPF  mediates  the  survival  of  MDA-MB-231  cells  via  the  PI3- 
kinase/Akt  pathway. 
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DISCUSSION 


A  key  event  in  cancer  metastasis  is  the  transendothelial  migration  of  tumor  cells. 
Metastasizing  tumor  cells  should  penetrate  blood  vessels  twice,  by  intravasation  and 
extravasation.  These  tumor  cells  may  possess  an  “offensive  ability”  to  penetrate  blood 
vessels.  It  is  well  known  that  increased  endothelial  cell  retraction  is  closely  associated 
with  the  enhanced  adhesion  of  tumor  cells  and  their  invasion  into  the  endothelial 
monolayer.  Metastasizing  tumor  cells  can  induce  endothelial  cell  retraction  through  the 
secretion  of  soluble  factors  (32,  33)  and/or  through  direct  adhesion  to  the  endothelial 
monolayer  where  intracellular  signals  are  transduced  to  induce  morphological  changes 
(29).  For  example,  Honn  et  al.  reported  that  12(S)-hydroxyeicosatetraenoic  acid  produced 
by  tumor  cells  induces  retraction  of  endothelial  cells  and  can  enhance  tumor  cell  adhesion 
to  the  SEB  membrane  components  of  the  exposed  endothelial  monolayer  (32).  Kusama  et 
al.  also  reported  that  endothelial -cell-retraction  factor  secreted  by  tumor  cells  increases 
the  transendothelial  migration  of  tumor  cells  through  enhanced  tumor  cell  adhesion  (33). 

In  this  report,  we  examined  whether  VEGF/VPF,  which  is  expressed  highly  in  breast 
cancer  cells,  enhances  the  transendothelial  migration  of  MDA-MB-231  cells  across  a 
monolayer  of  brain  microvascular  endothelial  cells.  VEGF/VPF  has  been  shown  to 
potently  induce  the  retraction  of  endothelial  cells.  As  expected,  VEGF/VPF  significantly 
increased  the  transendothelial  migration  of  MDA-MB-231  cells  across  a  monolayer  of 
HBMECs.  Our  data  indicate  that  enhanced  transendothelial  migration  by  VEGF/VPF,  at 
least  in  part,  is  derived  from  the  increased  adhesion  of  these  cells  onto  exposed  SEB 
membrane  components  of  the  monolayer.  The  mitogenic  effect  of  VEGF/VPF  on 
endothelial  cells  does  not  seem  to  be  related  to  the  increased  transendothelial  migration 
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and  adhesion  of  the  MDA-MB-231  cells,  because  bFGF  and  the  MEK  inhibitor  PD98059 
failed  to  stimulate  the  transendothelial  migration  and  adhesion  of  these  cells.  bFGF  has 
been  shown  to  stimulate  the  growth  of  endothelial  cells  through  the  ERK  pathway  as  does 
VEGF/VPF,  but  does  not  increase  vascular  permeability  (33).  However,  the  permeability 
effect  of  VEGF/VPF  seems  to  be  related  to  the  increased  transendothelial  migration  and 
adhesion  of  MDA-MB-231  cells,  because  inhibition  of  VEGF-induced  vascular 
permeability  by  the  calcium  chelator  BAPTA-AM  significantly  prevented  the 
transendothelial  migration  and  adhesion  of  these  cells. 

Calcium,  as  a  multifunctional  modulator,  also  regulates  permeability  in  the  vascular 
system  (34).  Many  inflammatory  agents  including  histamine  and  thrombin  as  well  as 
VEGF/VPF  are  known  to  increase  vascular  permeability  through  calcium  up-regulation 
in  endothelial  cells  (35-37).  Although  the  mechanism  of  how  this  transient  increase  in 
calcium  concentration  alters  vascular  permeability  has  not  been  fully  elucidated, 
increased  calcium  in  endothelial  cells  can  induce  the  activation  of  myosin  light  chain 
(MLC)  kinase  and  that  phosphorylated  MLC  contributes  to  the  contraction  of  endothelial 
cells  from  the  increased  actin-myosin  interaction  (36).  Our  data  as  well  as  other  studies 
have  shown  that  VEGF-induced  actin  rearrangement  and  gap  formation  in  inter- 
endothelial  junctions  result  in  increased  permeability  (38),  and  that  these  effects  were 
significantly  blocked  by  the  intracellular  calcium  chelator  BAPTA-AM  (Fig.  6B). 
Interestingly,  after  adhesion  to  the  endothelial  monolayer,  malignant  tumor  cells  can 
transiently  increase  the  calcium  concentration  of  endothelial  cells  in  the  contact  area  and 
stimulate  endothelial  cell  retraction  by  breaking  the  intercellular  junctions  (28).  In  the 
case  of  the  transendothelial  migration  of  leukocytes,  leukocytes  migrate  across  the 
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endothelial  monolayer  by  inducing  an  enhanced  intracellular  calcium  concentration  of  the 
endothelial  cells  (39-42),  and  pretreatment  of  endothelial  monolayer  with  BAPTA-AM 
did  potently  block  the  transendothelial  migration  of  the  leukocytes  (42).  These  studies 
suggest  the  possibility  that  cells  penetrating  through  blood  vessels  have  the  ability  to 
elicit  changes  in  intracellular  calcium  concentration  in  endothelial  cells. 

VEGF/VPF  may  also  enhance  the  transendothelial  migration  of  MDA-MB-231  cells 
through  increased  adhesion  onto  the  apical  surface  of  endothelial  cells  as  well  as  onto 
exposed  SEB  membrane  components.  Recently,  Kim  et  al.  reported  the  VEGF/VPF 
significantly  increased  expression  of  E-selectin  in  human  umbilical  vein  endothelial  cells 
(43,  44).  Endothelial  E-selectin  has  been  shown  to  mediate  increased  adhesion  onto 
endothelial  monolayer  and  the  transendothelial  migration  of  some  tumor  cells  across  the 
layer  (45,  46).  These  studies  suggest  the  possibility  that  VEGF/VPF  increases 
transendothelial  migration  and  adhesion  of  MDA-MB-231  cells  through  up-regulation  of 
adhesion  molecules  such  as  E-selectin  in  endothelial  cells.  However,  tumor  cells  have 
been  reported  to  attach  with  higher  affinity  to  SEB  membrane  components  than  to  the 
apical  surface  of  an  intact  endothelial  monolayer  (29).  Thus,  we  suggest  that  the  vascular 
permeability  of  VEGF/VPF  might  contribute  predominantly  to  the  transendothelial 
migration  of  tumor  cells  as  compared  to  the  up-regulation  of  endothelial  adhesion 
molecules  by  VEGF/VPF. 

The  hepatoprotective  agent  Malotilate  intensifies  the  cell-to-cell  contact  of  endothelial 
cells  and  increases  the  integrity  of  the  endothelial  monolayer  (47,  48).  Interestingly,  this 
compound  inhibits  significantly  the  in  vitro  transendothelial  migration  and  in  vivo 
metastasis  of  some  carcinoma  cells  (47,  48).  Furthermore,  some  peptides  and  antibodies 
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that  are  able  to  block  the  adhesion  of  tumor  cells  to  SEB  membrane  components  have 
exerted  anti-metastatic  effects  (49-51).  Taken  together,  our  data  as  well  as  other  studies 
indicate  that  the  integrity  of  blood  vessels  and  the  progression  of  tumor  metastasis  are 
closely  related. 

In  addition  to  its  vascular  permeability  activity  in  endothelial  cells,  VEGF/VPF  has 
been  shown  to  act  as  an  autocrine  survival  factor  for  VEGF/VPF  receptor-expressing 
breast  cancer  cells  (20,  21).  Thus,  it  is  possible  that  endogenous  VEGF/VPF  affects  the 
transendothelial  migration  of  breast  cancer  cells  through  regulation  of  tumor  survival.  To 
test  this  possibility,  we  transfected  anti-sense  VEGF/VPF  cDNA  into  MDA-MB-231 
cells  and  selected  two  stable  clones  (AS-VEGF-C1  and  -C2).  In  these  clones,  VEGF/VPF 
expression  was  significantly  down-regulated  as  compared  to  the  parental  cells  (Fig.  7A). 
When  the  cells  were  seeded  onto  the  endothelial  monolayer  and  examined  for 
transendothelial  migration,  the  two  stable  clones  showed  reduced  migration  toward  the 
bottom  of  the  endothelial  monolayer  as  compared  to  the  parental  or  control  vector 
expressing  cells  (Fig.  7B).  Using  cell  cycle  analysis  and  TUNEL  assay,  we  observed  that 
the  reduced  transendothelial  migration  of  AS-VEGF-C1  and  -C2  resulted  from  the 
reduced  survival  of  these  cells  (Fig.  8  A  and  B).  We  also  observed  that  apoptosis-related 
genes  were  up-regulated  highly  in  AS-VEGF-C1  and  -C2  clones  as  compared  to  the 
parental  or  pZeoSV  cells  (Fig.  8C,  Table  1),  indicating  that  endogenous  VEGF/VPF  is 
important  in  maintaining  the  survival  of  MDA-MB-231  cells.  Next,  we  examined 
whether  VEGF/VPF  induces  phosphorylation  of  Akt,  a  downstream  target  of  PI3 -kinase, 
in  MDA-MB-231  cells  since  the  PI3-kinase  pathway  is  a  major  survival  signaling 
pathway  in  several  cell  types.  As  shown  in  Fig.  9A,  VEGF/VPF  increased  significantly 
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the  phosphorylation  of  Akt  in  the  AS-VEGF-C1  clone.  However,  the  parental  cells 
responded  poorly  to  the  exogenously  added  VEGF/VPF  (data  not  shown).  It  is  possible 
that  parental  cells  might  be  governed  by  the  autocrine  signaling  of  endogenously 
expressed  VEGF/VPF.  In  fact,  when  MDA-MB-231  cells  were  allowed  to  constitutively 
overexpress  VEGF/VPF  upon  infection  with  adenovirus  encoding  VEGF/VPF  (Fig.  9B), 
VEGF-Ad-infected  cells  showed  increased  PI3 -kinase  activity  and  Akt  phosphorylation 
as  compared  to  the  parental  cells  (Fig.  9C  and  D).  These  data  indicate  that  VEGF/VPF 
acts  as  an  autocrine  survival  factor  via  the  PI3-kinase  pathway  in  MDA-MB-231  cells. 
Recently,  VEGF/VPF  antisense  oligodeoxynucleotide  was  reported  to  down-regulate 
VEGF/VPF  expression  in  MDA-MB-231  cells  and  induced  apoptosis  through  inhibition 
of  PI-3  kinase  activity  (20).  In  this  study,  we  obtained  similar  results  by  using  cells  stably 
transfected  with  antisense  VEGF/VPF  cDNA  constructs  and  cells  that  overexpressed 
VEGF/VPF  upon  infection  with  adenovirus  encoding  VEGF/VPF.  From  these  results  as 
well  as  the  above-mentioned  study,  it  is  possible  that  VEGF/VPF  can  act  as  a  survival 
factor  in  MDA-MB-231  cells  via  PI-3  kinase  pathway. 

To  date,  VEGF/VPF  has  been  shown  to  exert  an  essential  role  in  tumor  angiogenesis. 
However,  its  role  as  a  vascular  permeability  factor  or  tumor  survival  factor  in  metastatic 
processes,  such  as  transendothelial  migration,  has  not  been  defined.  Melnyk  et  al. 
reported  that  neutralization  of  the  function  of  VEGF/VPF  potently  blocked  tumor 
metastasis  irrespective  of  its  angiogenic  property  (52).  However,  their  study  did  not 
demonstrate  the  inter-relationship  between  tumor  metastasis  and  the  functions  of 
VEGF/VPF  in  vascular  permeability  and  tumor  cell  survival.  Thus,  functional  blocking 
of  VEGF/VPF  is  a  potentially  effective  therapeutic  approach  to  delay  or  prevent  tumor 
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metastasis  through  inhibition  of  multiple  steps  of  tumor  progression,  such  as  neo¬ 
vascularization  (angiogenesis)  in  tumor  bearing  tissue,  survival  and  transendothelial 
migration  of  tumor  cells. 

In  conclusion,  we  report  that  VEGF/VPF  enhances  the  transendothelial  migration  of 
tumor  cells  through  down-regulation  of  endothelial  integrity  via  a  paracrine  mode  and 
promotion  of  tumor  cell  survival  via  an  autocrine  mode. 
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FOOTNOTES 


The  abbreviations  used  are: 

Human  brain  microvascular  endothelial  cells  (HBMECs);  vascular  endothelial  growth 
factor  (VEGF);  vascular  permeability  factor  (VPF);  fetal  bovine  serum  (FBS);  blood- 
brain  barrier  (BBB);  basic  fibroblast  growth  factor  (bFGF);  propidium  iodide  (PI); 
sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis  (SDS-PAGE);  extracellular 
signal-regulated  kinase  (ERK);  mitogen-activated  protein/extracellular  signal-regulated 
kinase  kinase  (MEK);  phosphatidylinositol  3-kinase  (PI3-kinase);  myosin  light  chain 
(MLC);  C-terminal  SRC  kinase  (Csk); 
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FIGURE  LEGENDS 


Fig.  1.  VEGF/VPF  increases  transendothelial  migration  of  MDA-MB-231  cells 
across  an  HBMEC  monolayer.  HBMECs  were  added  to  fibronectin-coated  24-well 
Transculture  inserts  with  pore  sizes  of  8  pm  (Costar  Corp.)  and  grown  for  5  days  in  5% 
CO2  at  37  °C.  40,000  Dil-labeled  MDA-MB-231  cells  were  added  to  the  apical  chamber. 
To  exclude  the  chemoattractant  effect  of  the  added  growth  factor,  bFGF  or  VEGF/VPF 
was  added  evenly  to  the  apical  and  basolateral  chambers.  After  incubation  for  6  hours, 
the  apical  chamber  was  fixed  with  3.7%  formaldehyde  and  washed  extensively  with  PBS. 
The  apical  side  of  the  apical  chamber  was  scraped  gently  with  cotton  wool.  Only  the 
migrating  tumor  cells  were  observed  by  a  fluorescent  microscope  and  counted  from  10 
random  fields  of  200  magnification.  The  results  are  presented  as  the  mean  ±  SD  of 
duplicate  samples  and  are  representative  of  5  individual  studies.  CTL,  control 

Fig.  2.  VEGF/VPF  increases  Adhesion  of  MDA-MB-231  cells  onto  the  HBMEC 
monolayer.  HBMECs  were  added  to  attachment  factor-coated  24-well  culture  plates  and 
grown  for  5  days  in  5%  CO2  at  37  °C.  100,000  Dil-labeled  MDA-MB-231  cells  in  500  pi 
of  the  same  medium  were  added  to  each  well  with  or  without  test  samples.  After 
incubation  for  2  hours,  the  wells  were  fixed  with  3.7%  formaldehyde  and  washed 
extensively  with  PBS  to  remove  floating  tumor  cells.  Attached  tumor  cells  were  observed 
by  a  fluorescent  microscope  and  counted  from  10  random  fields  of  200  magnification. 
Alternatively,  to  detach  the  endothelial  monolayer,  the  monolayers  were  treated  with  50 
mM  NH4OH  solution  for  5  min  and  washed  extensively  with  PBS  before  adding  the  Dil- 
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labeled  MDA-MB-23 1  cells.  The  results  are  presented  as  the  mean  ±  SD  of  triplicate 
samples.  CTL,  control;  EC,  endothelial  cells;  SEB,  sub-endothelial  basement 


Fig.  3.  BAPTA/AM  inhibits  transendothelial  migration  of  MDA-MB-231  cells  across 
an  HBMEC  monolayer.  HBMECs  were  added  to  fibronectin-coated  24-well 
Transculture  inserts  with  pore  sizes  of  8  pm  (Costar  Corp.)  and  grown  for  5  days  in  5% 
CO2  at  37  °C.  The  monolayers  were  pre-treated  for  30  min  with  the  indicated  inhibitors 
and  washed  twice  with  culture  medium.  40,000  Dil-labeled  MDA-MB-231  cells  were 
added  to  the  apical  chamber.  To  exclude  the  chemoattractant  effect  of  the  added  growth 
factor,  VEGF/VPF  was  added  evenly  to  the  apical  and  basolateral  chambers.  After 
incubation  for  6  hours,  the  apical  chamber  was  fixed  with  3.7%  formaldehyde  and 
washed  extensively  with  PBS.  The  apical  side  of  the  apical  chamber  was  scraped  gently 
with  cotton  wool.  Only  the  migrating  tumor  cells  were  observed  by  a  fluorescent 
microscope  and  counted  from  10  random  fields  of  200  magnification.  The  results  are 
presented  as  the  mean  ±  SD  of  triplicate  samples.  CTL,  control;  VEGF-Ab,  VEGF/VPF 
antibody  (20  pg/ml);  SU,  SU-1498  (50  pM);  PD,  PD98059  (10  pM);  WM,  Wortmannin 
(1  pM);  BAPTA,  BAPTA-AM  (10  pM) 

Fig.  4.  BAPTA/AM  inhibits  adhesion  of  MDA-MB-231  cells  onto  the  HBMEC 
monolayer.  HBMECs  were  added  to  attachment  factor-coated  24-well  culture  plates  and 
grown  for  5  days  in  5%  CO2  at  37  °C.  The  monolayers  were  pre-treated  for  30  min  with 
the  indicated  inhibitors  and  all  inhibitors  except  VEGF/VPF  monoclonal  antibodies  and 
SU-1498  were  removed  from  the  monolayers  by  washing  twice  with  culture  medium. 
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100,000  Dil-labeled  MDA-MB-231  cells  in  500  pi  of  the  same  medium  were  added  to 
each  well  with  or  without  VEGF/VPF.  After  incubation  for  2  hours,  the  wells  were  fixed 
with  3.7%  formaldehyde  and  washed  extensively  with  PBS  to  remove  floating  tumor 
cells.  Attached  tumor  cells  were  observed  by  a  fluorescent  microscope  and  counted  from 
10  random  fields  of  200  magnification.  The  results  are  presented  as  the  mean  ±  SD  of 
triplicate  samples.  CTL,  control;  VEGF-Ab,  VEGF/VPF  antibody  (20  pg/ml);  SU,  SU- 
1498  (50  p.M);  PD,  PD98059  (10  pM);  WM,  Wortmannin  (1  pM);  BAPTA,  BAPTA-AM 
(10  pM) 

Fig.  5.  VEGF/VPF  increases  the  permeability  of  the  HBMEC  monolayer. 

Approximately  100,000  HBMECs  were  added  to  fibronectin-coated  24- well  Transculture 
inserts  with  pore  sizes  of  0.4  pm  (Falcon  Corp.)  and  grown  for  5  days  in  5%  CO2  at  37°C. 
After  the  removal  of  culture  medium,  0.4  ml  of  the  fresh  culture  medium  containing  [  H] 
inulin  (1  pCi)  was  added  to  the  apical  chamber.  The  basolateral  chamber  was  filled  with 
0.6  ml  of  the  same  medium  without  [3H]  inulin  and  then  VEGF/VPF  (30  ng/ml)  was 
added  to  the  apical  and  basolateral  chambers.  For  the  inhibitor  treatment,  the  monolayers 
were  pre-treated  for  30  min  with  various  inhibitors  as  indicated  before  VEGF/VPF 
treatment.  After  the  incubation  for  2  hours,  30  pi  of  medium  from  the  basolateral 
chamber  were  collected  and  the  amount  of  [3H]  inulin  across  the  monolayers  was 
determined  by  scintillation  counting.  The  data  represent  the  mean  values  of  total  cpm  of 
three  separate  experiments.  CTL,  control;  VEGF-Ab,  VEGF/VPF  antibody  (20  pg/ml); 
SU,  SU-1498  (50  pM);  PD,  PD98059  (10  pM);  WM,  Wortmannin  (1  pM);  BAPTA, 
BAPTA-AM  (10  pM) 
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Fig.  6.  VEGF/VPF  induces  actin  redistribution  and  VE-cadherin  disruption  in 
HBMECs.  Panel  A,  HBMECs  were  added  to  fibronectin-coated  24-well  Transculture 
inserts  with  pore  sizes  of  0.4  pm  and  grown  for  5  days  in  5%  CO2  at  37°C.  After  assaying 
for  2  hours,  the  cells  were  fixed  with  3.7%  formaldehyde  in  PBS,  and  then  permeabilized 
with  0.5%  Triton  X-100.  The  F-actin  in  the  cells  was  stained  according  to  the  method 
described  under  “EXPERIMENTAL  PROCEDURES”  and  observed  by  a  fluorescent 
microscope.  Panel  B,  HBMECs  were  grown  as  in  A.  After  assaying,  the  cells  were  fixed 
with  3.7%  formaldehyde  in  PBS,  and  then  permeabilized  with  0.5%  Triton  X-100.  The 
VE-Cadherin  of  the  cells  was  stained  according  to  the  method  described  under 
“EXPERIMENTAL  PROCEDURE”  and  viewed  under  a  confocal  microscope.  Panel  C, 
HBMECs  were  grown  as  in  A.  Approximately  1 ,000  BCECF- AM-labeled  MDA-MB-23 1 
cells  were  added  to  each  well  with  or  without  VEGF/VPF.  After  incubation  for  2  hours, 
the  cells  were  fixed  with  3.7%  formaldehyde  in  PBS.  VE-cadherin  in  the  HBMECs  was 
stained  as  described  under  “EXPERIMENTAL  PROCEDURES”  and  viewed  under  a 
confocal  microscope.  MDA-MB-23 1  cells  are  visualized  by  green  color,  whereas  VE- 
cadherin  is  viewed  as  red  color,  respectively.  CTL,  control;  VEGF/VPF,  30  ng/ml; 
BAPTA-AM,  10  pM 

Fig.  7.  Down-regulation  of  endogenous  VEGF/VPF  induces  the  reduced 
transendothelial  migration  of  MDA-MB-231  cells.  Panel  A,  antisense  VEGF/VPF 
transfectants  were  stably  generated  as  described  in  “EXPERIMENTAL 
PROCEDURES”.  MDA-MB-23 1  cells  were  transfected  with  antisense  VEGF  vector  and 
selected  in  the  presence  of  Zeocin  (1  mg/ml).  VEGF/VPF  expression  of  MDA-MB-231 
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transfectants  was  analyzed  by  Western  blotting  using  a  polyclonal  anti-VEGF/VPF 
antibody.  Total  protein  extracts  were  analyzed  by  Western  blotting  using  anti-Csk 
antibody  as  an  internal  control.  Panel  B,  HBMECs  were  added  to  fibronectin-coated  24- 
well  Transculture  inserts  with  pore  sizes  of  8  pm  (Costar  Corp.)  and  grown  for  5  days  in 
5%  CO2  at  37  °C.  40,000  Dil-labeled  parental  or  transfected  MDA-MB-231  cells  were 
added  to  the  apical  chamber.  After  incubation  for  6  hours,  the  apical  chamber  was  fixed 
with  3.7%  formaldehyde  and  washed  extensively  with  PBS.  The  apical  side  of  the  apical 
chamber  was  scraped  gently  with  cotton  wool.  Only  the  migrating  tumor  cells  were 
observed  by  a  fluorescent  microscope  and  counted  from  10  random  fields  of  200 
magnification.  The  results  are  presented  as  the  mean  ±  SD  of  triplicate  samples. 

Fig.  8.  Down-regulation  of  endogenous  VEGF/VPF  induces  apoptosis  of  MDA-MB- 

231  cells.  Panel  A,  parental  or  transfected  MDA-MB-231  cells  were  grown 
subconfluently  in  6-well  plates  in  culture  medium  containing  10%  FBS.  The  cells  were 
harvested,  centrifuged  and  fixed  with  70%  cold  ethanol.  Ethanol-fixed  cells  were 
centrifuged  and  suspended  in  1  ml  of  PI/Triton  X-100  staining  solution  and  incubated  for 
15  min  at  37  °C.  Samples  were  analyzed  by  flow  cytometry,  and  apoptosis  was  measured 
as  the  percentage  of  cells  with  a  sub  Go /  Gi  DNA  content  in  the  PI  intensity-area 
histogram  plot.  Panel  B,  parental  or  transfected  MDA-MB-231  cells  were  grown  on 
chamber  slides  and  stained  with  the  fluorescein  in  situ  cell  death  detection  kit 
(Boehringer  Mannheim)  according  to  the  protocol  of  the  manufacturer.  After  washing 
with  PBS,  the  cells  were  mounted  and  intracellular  fluorescein-labeled  fragmented  DNA 
was  observed  by  a  fluorescent  microscope.  Panel  C,  parental  or  transfected  MDA-MB- 
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231  cells  were  grown  subconfluently  in  6-well  plates  in  culture  medium  containing  10% 
FBS.  Total  RNA  preparation  and  hybridization  were  performed  as  described  under 
“EXPERIMENTAL  PROCEDURES.”  The  hybridized  membranes  were  exposed  on  a 
Phosphorimager  and  analyzed  by  using  Array  Vision™  software.  1,  TRAIL;  2,  Cox-2 

Fig.  9.  VEGF/VPF  induces  PI3-kinase  activation  in  MDA-MB-231  cells.  Panel  A,  the 
AS-VEGF-C1  clone  was  grown  subconfluently  in  6- well  plates  in  culture  medium 
containing  10%  FBS.  The  medium  was  replaced  by  culture  medium  containing  0.5%  FBS 
and,  after  starvation  for  24  hours,  the  cells  were  stimulated  by  VEGF/VPF  (100  ng/ml)  or 
EGF  (100  ng/ml)  for  15  min.  The  cells  were  then  lysed,  and  50  pg  of  total  protein  was 
resolved  by  12%  SDS-PAGE  and  subjected  to  Western  blot  analysis  by  using  anti-human 
phospho-Akt  antibody.  To  verify  the  amount  of  loaded  proteins,  blots  were  reprobed  with 
anti-human  Akt  antibody.  Panels  B-E,  MDA-MB-231  cells  were  grown  subconfluently  in 
6-well  plates  in  culture  medium  containing  10%  FBS.  The  medium  was  replaced  by 
culture  medium  containing  0.5%  FBS  and  after  starvation  overnight,  the  cells  were 
infected  with  VEGF-Ad.  After  incubation  for  24  hours,  the  cells  were  lysed,  and  50  pg  of 
total  protein  was  resolved  by  12%  SDS-PAGE  and  subjected  to  Western  blot  analysis  by 
using  anti-human  VEGF/VPF  antibody  (B),  anti-human  phospho-Akt  antibody  (D),  or 
anti-mouse  phospho-ERK  antibody  (E).  Total  protein  extracts  were  analyzed  by  Western 
blotting  using  anti-Csk  antibody  (B),  anti-human  Akt  antibody  (D),  or  anti-mouse  ERK 
monoclonal  antibody  (E)  as  an  internal  control.  Alternatively,  a  PI3-kinase  assay  was 
performed  as  described  under  “EXPERIMENTAL  PROCEDURES.”  Briefly,  cell  lysates 
containing  1  mg  of  protein  were  incubated  overnight  at  4°C  with  anti-human  p85  subunit 
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specific  PI3 -kinase  antibody  and  Protein  G  Sepharose.  After  washing,  the  beads  were 
incubated  in  reaction  buffer  containing  5  pg  of  PI,  50  pM  ATP,  and  5  pCi  [y-32P]ATP 
for  10  min  at  room  temperature.  Lipid  extracts  were  resolved  on  thin  layer 
chromatography  plates  and  then  the  plate  was  exposed  to  X-ray  film  (C,  upper  panel). 
The  PI3-P  was  eluted  from  the  plate  and  the  amount  was  determined  by  scintillation 
counting  (C,  lower  panel).  CTL,  control;  PI3-P,  phosphatidyl  inositol-3  phosphate 


40 


Table  1.  Expression  of  apoptosis  related-genes  in  antisense  VEGF/VPF  transfected 
MDA-MB-231  cells 

The  human  apoptotic  cDNA  membranes  were  hybridized  with  total  RNA  isolated 
from  antisense  VEGF/VPF-transfected  MDA-MB-231  cells.  The  membranes  were 
exposed  on  a  Phosphorimager  and  analyzed  using  ArrayVision  ™  software.  The  sVOL 
is  the  subtracted  volume  value  derived  by  subtracting  the  background  volume  value 
from  the  volume  value  of  the  spot.  Genomic  DNA  and  GAPDH  represent  the  positive 
controls  for  the  hybridizations. 


Apoptosis  related-  Control  sVOL 

genes  [(Parental  +  PzeoSV)/2] 

Data  sVOL 
[(VEGF-C1+  C2)/2] 

Data/Control 
ratio  (VOL) 

TRAIL 

0.38 

10.30 

27.10 

Cox-2 

0.48 

5.91 

12.31 

GM-CSF 

0.38 

2.06 

5.42 

IL-lbeta 

1.32 

5.11 

3.87 

DAP  kinase 

0.84 

3.17 

3.77 

VEGI 

0.80 

2.85 

3.56 

p27 

1.42 

4.83 

3.40 

IAP-1 

3.68 

11.81 

3.20 

M-CSF 

8.84 

27.75 

3.13 

P21 

1.23 

3.40 

2.76 

BimEL 

1.17 

3.15 

2.69 

Caspase-7 

2.93 

7.86 

2.68 

Rb2/p130 

2.34 

6.19 

2.63 

NAIP 

2.07 

5.37 

2.59 

GALECTIN-3 

7.77 

19.86 

2.55 

IGF-I  R 

1.71 

4.18 

2.44 

IL-1 2  p35 

1.02 

2.46 

2.41 

Caspase-8 

2.23 

5.18 

2.32 

RAR-epsilon 

1.97 

4.57 

2.31 

TANK 

3.42 

7.55 

2.20 

HLAhc 

20.14 

43.79 

2.17 

IFN-gamma  R1 

3.17 

6.85 

2.16 

BDNF 

3.98 

8.57 

2.15 

plOO/NF-kappa  B2 

10.01 

21.39 

2.13 

GAPDH 

175.01 

226.77 

1.29 

Genomic  DNA 

88.79 

102.63 

1.15 
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